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UDC 551.(515,1:577.1)

WATER VAPOR AND PRECIPITATION BUDGET IN SYNOPTIC FORMATIONS IN
THE TEMPERATE LATITUDES

- Moscow METEOROLOGIYA I GIDROLOGIYA in Russian No 1, Jan 80 pp 5-11

[Article by Candidate of Physical and Mathematical Sciences T. P. Kapitan-
ova and Professor N. Z. Pinus, Central Aerological Observatory, submitted
for publication 4 July 1979]

Abstract: The article presents the results of
investigation of the moisture reserves and
water vapor budget under cyclonic and anticy-
clor..c conditions observed in a polygon with
an area of 4+1011 m? yith its center at Perm'
(December 1973 and November-December 1977).
- The authors evaluate the role of horizontal
and vertical transfer and phase transforma-
tions in the water vapor budget. It is shown
that on the basis of computations of the water
vapor budget it is possible to make satisfactory
quantitative estimates of steady precipitation
over an area with the passage of cyclonic forma-
= tions.

[Text] In our study [2] we presented the results of investigation of the
water vapor budget and energy of phase transformations in a deep cyclone
penetrating into the European USSR from the northwest. It was shown that
the maximum water vapor reserves during all stages of its evolution are
contained in the layer 850-800 mb; the maximum in the vertical profile of
moisture reserves is more clearly expressed the greater the total moisture
content. An important role in the water vapor budget of a cyclone is play-
ed by horizontal transfer and vertical redistribution associated with the
transport of water vapor from the boundary layer into the higher layers

of the atmosphere. In the central part of the cyclone the leakage of water
vapor into the higher layers is essentially compensated by an inflow of
water vapor through the lateral boundaries. The inflow of water vapor 1s
expended primarily in condensation with a maximum in the layer 800-600 mb.
In the layer Pg-600 mh on the southern periphery of the cyclone there is a
leakage of water vapor due to horizontal advectionj vertical redistribution

1
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and condensation processes are more weakly expressed. In general, as indi-
cated by computations, in the central part of a cyclone the local changes
are less than 107 of the budget, advection and vertical redistribution is no
more than 40% and about 50% is attributable to changes related to con-
densation processes. On the cyclone periphery the main contribution is de-
termined by local changes and condensation pProcesses,

In this paper we give the results of study of the water vapor budget in
different parts of cyclones and anticyciones sbserved in a fixed region

== in a polygon (Kazan' - Ufa - Sverdlovsk - Ivdel' - Syktyvkar - Kirov -
Kazan' with its center at Perm') during the periods from 12 through 24
December 1973, from 11 through 17 November and from 1 through 9 December
1977. The area of the polygon in which the Central Aerological Observatory
over a period of years has been carrying out flight investigations of atmo~
spheric energy and turbulence is approximately 4+1011 p2,

As in [2], use was made in the computations of an equation describing the
water vapor budget in the atmosphere.

. ;_%1{ dX=S-~v-q3dX+,f%? aX+S—(¢I.-‘7u) ax + (€N
where +j.quX'

- 1 N TEEm e e
fax= 2= {1f axaydp.
[K = condensation; WU = evaporation]

where q is specific humidity,’? is the wind velocity vector, p is pressure,
wis the vertical component of wind velocity in a p coordinate system, g

1s the acceleration of free falling, qoon is the rate of water vapor con-
densation, devap 1s the rate of evaporation, S is the area of the base of

a column of the atmosphere, F) s
V—?; R

The term at the left in expression (1), which we will denote by q¢, describ-
es the rate of local change in the content of water vapor in a column of

the atmosphere with an area of the base § and the height Py = p1s the first
term on the right (qhor) is the rate of change in the contént of water vapor
as a result of advection through the lateral boundaries of a colum of the
atmosphere; the second on the right (qyer) is the rate of change as a re-
sult of the vertical redistribution of water vapor; the third on the right
(qa ) is the rate of change in water vapor content as a result of the total
effect of "condensation minus evaporation" of water vapor (effective con-
densation), the fourth on the right is the total rate of turbulent and dif-
fusion transfer of water vapor.

All the elements of equation (1) were computed for layers of equal air mass
with a thickness Ap = 50 wb in a colum of the atmosphere from the earth's
surface (Pg) and to p = 50 mh. Averaging of the elements in (1) was carried
out by integration in area, where as the elementary areas dS we used all

2
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six triangles making up the polygon. In admissible cases the integration
in area by means of the Ostrogradskiy-Gauss theorem was replaced by in-
tegration along the polygon perimeter.

Vertical velocities were computed on the basis of plane divergence from
the continuity equation. It was assumed in the computations that w = O at
the surface of the earth and at the upper level p = 50 mb.

In order to decrease the influence of errors caused by both the computa-

tion method and by errors in the measurement of meteorological elements

we introduced corrections using the formulas cited in {5]. It was assumed -
that the computation errors increase linearly with altitude and the cor- _
rection was carried out in such a way that the integral of divergence in
the entire investigated layer is equal to zero.

Radiosonde data were used in computing all the terms in expression (1) ex-
cept the terms qu and D_, the sum of which is denoted by A . The A value
vas obtained as the res¥dual term in expression (1). If it is assumed
that D, is small and the errors in radiosonde measurements and computa-
tions of the budget elements on an electronic computer are also small,
the A value represents the total effect of the processes of condensation
(sublimation) of water vapor and evaporatioa of cloud particles and pre-
cipitation particles in the considered volume. The A value will be posi-~
tive in the case of a predominance of the processes of evaporation or
negative in the case of a predominance of condensation (sublimation) of
water vapor processes.

The assumption of a minor role of turbulence and diffusion of water vapor
in the budget and especially the assumption of a small role of errors in
measurements of meteorological elements is, to be sure, extremely approx-
imate.

In order to evaluate the value and nature of the dependence of the water

vapor budget components on errors in initial data, we carried out a numer-

ical experiment. In particular, superposed on the initial radiosonde data

were the disturbances X+¢ X (X is any meteorological element) of a differ-

ent character and in different combinations (for a wind velocity V, wind

direction d, temperature t, relative humidity v we took the mean values of

the errors in measurements in accordance with [1]). Table 1 gives the rela-

tive error (%) of the A value; it, like the residual term in equation (1),

contains errors of all the budget elements. As a standard we used the A -
value, which was computed without superposing the disturbing values.

As we see, the relative error is maximum when the disturbances are super-
posed on all the meteorological elements forming the water vapor budget.
With altitude the errors increase, as do the errors in measurements.

In particular, we should note the influence of errors in measurements of
vind direction in the layers 600-400 and 400~200 mb. These large errors
. can exert a substantial influence on the results of computations of the

3
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horizontal fluxes of water vapor, playing a major role in the water vapor
budget., On the average, the relative error is approximately 10%. An an-
alysis of the results of the numerical experiment indicated that the meas-
urement errors have little influence on the results of investigations of
the general patterns of changes of elements in the water vapor hudget.

Table 1 Table 2
Relative Error A (%) Synoptic Situations
iz
Caon, | 2 2
F2 ! > ) - >
146 = 8:2 o < b -
Tl |5 oH p

I'og A B C E a

Year!
-400—200 [ 22 2 39 12 12
1973 7 19 —_— 2% 10
'600—400 | 28 2 16 2 5 1977 8
8 4 20
800—600 8 4 6 0 2 H
3 Pp—800 6 11 2 2 2
b 1. Layer, mb
2. All elements disturbed
3. P,
mb/sec . -1
. J’r“ﬁi/uf 7”17;!"-1 sec

12 20180230 ‘
v W W

Wi 0
/ F2)
A\

qor

Fig. 1. Divergence in layer P, - 600 mb (1) and vertical velocity in layers
P, = 600 mb (2) and 600-200 mb (3).

Now we will examine the synoptic situation in the polygon, which experienced
substantial changes during the investigated periods. On the basis of an anal-
ysis of surface synoptic charts and pressure pattern charts all the ob-
served atmospheric processes were assigned to four characteristic situa-
tions: A) frontal part of cyclone, B) southern part of cyclone, C) frontal
wave, E) combination of situations A, B and C, D -~ the periphery of an
anticyclone. In order to refine the nature of the synoptic situation we used
the results of computations of kinematic characteristics (divergence, ver-
tical velocity, vorticity) on an electronic computer.

4
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Table 3

i Total Water Vapor Content (W) in Synoptic Formations in Temperate Latitudes
s (kg/m2) and Standard Deviation Oq (kg/m2)

Tox Caof, A
1 ' . c E D WelWp,
1973, XII {3 P50 | 86 74 - 80 5
P~600 | 68 6.0 - 64 2:2 {Issg
1977, P50 | 99 10,2 100 100
XI—XiI P—600 | 81 87 83 84 gﬁf f,’gg
- 1973 % 12 1,8 - - 12 -
1977 % 2,1 28 28 - 1l -
KEY:
1. Year
2. Layer, mb

3. Pe

In the analysis we excluded cases when it was hard to decide if the polygon
was situated on the periphery of a cyclone or the periphery of an anticy-
clone. The number of computed cases for each situation was determined by
the number of soundings during the particular period.

Table 2 gives data on the number of cases for each of the synoptic situa-
tions observed in the polygon.

figure 1, as an example, shows the changes in divergence and vertical velo-
city observed in the atmospheric layer P, - 600 mb over the polygon during
the period 12-24 December, :

In Fig. 1 we see that the computed kinematic characteristics have a wavelike
character with a period of about 2.5 days. On days when the polygon was
under the influence of cyclonic activity (12, 13, 15, 21, 23 December) there
vas a convergence of flow and ascending movements with a velocity of about
2.10"3 mb/sec; on 16 and 22 December, when there was a well-expressed ridge
in the neighborhood of the polygon there was divergence and descending move-
ments with a velocity of about 2:10™° mb/sec.

Table 3 gives the total water vapor content in a unit air column for the lay-
ers P, - 50 mb and Py - 600 mb for different synoptic groups and also the
standard deviations (Og) for the layer P, - 600 mb., Although the cases for
which the computations were made were few in number, the Crh value does not
exceed 30%. The cited mean water vapor reserves can be considered satisfac-

tory.
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- Table 4

Water Vapor Budget in Synoptic Formations in Temperate Latitudes (10—2 g/
(m?+sec)) and Energy of Phase Transformations (W/m2)

1977 r. 1973 r.

Caof,
.| a ti_rz]q_-a A emiwa ll @ | de,| B3| & |emiut g4

- 5| P,—800| 0,46 2,87\—1,30f—-1.10} 27,591 0,95 1,72}~0,96 0,206( —5,02

A" |800—600 | 0,09 1,85—0,01}—1,75| 43,89 0,65 1,98—0,12|—1,23| 30,85
i 600—400 |—0,02| 0,98 1,201—2,19 54,92{—0,22} 0,68 0,57|—1,88] 47,15
Py—400 ,53| 3,70§—0,11{—5,05| 126,40)| 1,38 4,38|—0,11}—2,91] 72,98
0

0
P—800 |—0,97| 2.,50|—1,401—2.10] 52,67 [|—0,01
5 |800—600 |0'85 06| 0.96/—2.66| 66,711,201 —1.51| 0.16 0,16 —4.08
600—400 |—0,12{—0.62| 0,30{ 0,20 5,02{|—0,32|—0,27| 0.41|—0,45| 11,28

P,—400 |—1.94| 2,74[—0.14|—4.56| 114.36][—1,53|—1,31] 0,25(—0.46] 11.5¢
P800 {—0,16; 2,70(—2,101—0,76| 19,000 — | — | — | — -
- 800600 [-0.21| 0.30] 1.50—2.01] 5041l — | — | — | — -
_ C |600—400 |—0.14{~0.50] 0.57|—0.21] 50927l — | — | — | — -
P,—400 {—0.51| 2.50/—0.03j—2.98 74.77(l — | — | — | — -
P,—800 |—0,08|—0,68] 0.22| 0,36| —9,03|| 0,24|—0,56 1,10(—0,29| 7,27
D |800—600 |—0.04/—0.15| 0.24|—0.13] 396|| 1.03| 0.27]—0.14] 0,91|—22.82
600—400 [—0.05|—0.15|—0.34| 0.44|-11.04]|—0,67 1.03|—0,78|—0.94 23.58
P.—400 |—0,17|—0,98] 0,12 0,67/--16.80{ 0.60| 0,74 0,181—0,32| 6.02
KEY:
1. Layer, mb
i' ghor
, Rt
4, W)’mE
5. P

Data in Table 3 show that the total water vapor content varies in the range
from 6 to 10 kg/m2 and almost 80% of this quantity is in the layer P, - 600
mb. The water reserve in cyclonic situations (group E) on the average is
1.5 times greater than in anticyclonic situations (group D).

The data on the full moisture content give some idea concerning the supplies
of latent heat; in cyclones it falls in the range (15-22)°+10 J/m2 in_the
atmospheric column P, - 600 mb and in anticyclones —— (10-15)-10 J/m2.,

Now we will proceed to an examination of the water vapor budget. Table 4
glves quantitative estimates of components of the water vapor budget for all
the considered synoptic situations. They show what factors are responsible
for the replenishment of water vapor supplies, at what levels the greatest
moisture exchange occurs and what the energy of phase transformations is.

In the water vapor budget an important role is played by horizontal transfer
through the lateral boundaries (qpor). In the frontal part of the cyclene
(group A) a horizontal influx as a result of convergence of the main flow
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is observed in the layer Pg - 400 mb; in the southern part of the cyclone
and in the frontal wave region in the layer P, - 600 mb the horizontal
- transfer decreases with altitude. The transport of water vapor into the
3§ higher layers takes place primarily from the layers Pe ~ 600 mb in group
B A and P, ~ 800 mb in groups B and C.

2/(m3.cex)
r

arzt g/ (m2.sec)
|

e\
0 —rrrtrames;

2% U \{Z/
-004

[
1
i
1

Fig. 2, Horizontal transfer of water vapor in the layer Pg = 600 mb (1) and
vertical transfer in the layers P, - 600 mb (2) and 600~200 mb (3).

aag\grfﬂ 1% ZQ?‘I/QZ#I’IWMWDZ!MII 07 022074 02 gfﬁl)ﬂﬂl#ﬂl_ﬂ_’
2\ 2, }73 79 \”\ /77/ 73 % 77

.1:.' J N

M, - . B0 .y gy AI00 -9 208 T M0 2,081 J 123 - 021 RO

WEE BN G 5 40 40 AT B S8 58 B
A gy BT L e g p) S T

Fig. 3. Measured (1) and computed (2) quantities of precipitation during per—
iod from 12 through 24 December 1973.

The nature of the horizontal and vertical transfer of water vapor can be seen
more clearly in Fig., 2, where as an illustration we have shown their change
in this polygon area during the period from 12 through 24 December 1973.

In particular, on 15 December 1973, with approach of a warm front to the
polygon region, on the dhor curve there is a pronounced maximum (qhor> 0.12

7
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g/(mz-sec)). At the same time there is transport of water vapor into the
higher layeis (qy >0.02 g/(m%-sec)). As a result of the processes in the
layer 600-400 mb there was a local decrease in moisture reserves. In
groups A, B, C there was predominance of processes of water vapor conden-
satlon over evaporation processes (A< 0) and the energy of phase trans-
formations in the layer Py ~ 400 mb on the average attained 70-125 W/ m4.
On the periphery of an anticyclone and in the region of high-pressure

- ‘ridges (for example, 16 and 22 December) there was transport of water
‘vapor through the lateral boundaries, especially in the atmospheric boun-
dary layer, and the transport of water vapor from the higher layers (400-
600 mb) into the lower layers (Pa - 800 mb) was a result of the descend-
ing movements occurring here.

The computations which we made on the basis of the data cited in Table 4
show thar 80-85% of the A value, being to a definite degree a quantitative
evaluation of effective condensation of water vapor, for the frontal part
of cyclones (A) and the region of the frontal wave (C) was formed due to
an influx of water vapor from ar outer source through the lateral boundar-
ies of the atmospheric layer aud only 20-15% due to exlsting characteris-
tic molsture supplies. Thus, in the processes of natural condensation of
water vapor transpiring in the mentioned synoptic formations there was
virtually no entrainment of water vapor supplies. However, on the southern
periphery of the cyclone (B) only 35-40% of the A value was associated
with the horizontal influx of water vapor. We note that according to [2],
in the central part of a cyclone, in its development stage, 85-90% of the
A value was formed due to lateral influxes of water vapor; in the central
part of a cyclone, but in the filling stage, and on its southern periphery
in the development stage, and in the filling stage 80-100% of the A val-
ue was associated with a decrease in moisture supplies.

A comparison of the results indicates a universality of the conclusions
which we drew in [2] about the peculiarities of the water vapor budget
in cyclonic formations in the temperate latitudes.

It is of particular interest to examine the matter of use of data on the
water vapor budget for estimating the mean quantity of precipitation fall-
ing on the polygon. The residual term in expression (1) with small D_ val-
ues and measurement errors characterizes the effective quantity of con-
densing moisture (condensation minus evaporation). In this case it can be
postulated that the value of the effectively condensing moisture must be
close to the quantity of precipitation falling in the observation region.

Figure 3 shows the quantity of precipitation measured in the precipita~
tion gage network of the polygon during the period from 12 through 24
December 1973 and the quantity of precipitation computed for this period
on the basis of the residual term A. We see that the agreement between

- these curves is entirely satisfactory. The maximum quantity of precipita-
tion was observed on days when the polygon was under the influence of

8
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cyclones (13, 14, 21 and 23 December 1973), The existing quantitative dif-
ferences between the measured precipitation and the precipitation computed
from the water vapor budget can be the result of both an inadequately
precise dete'mination of precipitation in the rain-gzaging network and its
low density, as well as (negative precipitation values) a result of nonal-
lowance for "subgrid" processes in the budget equation, errors in calcula-
tions and errors in aerological data. The high correlation between the meas-
ured and computed quantities of precipitation are in good agreement with
the results of similar ccmparisons published in [3, 4, 6]. The best agree~
nent between the computed and measured precipitation was obtained in [31],
which gives data for comparative purposes for a region with a dense net-
work of precipitation gages (1 precipitation gage per 10 km®).

An analysis of the results shows that an increase in precipitation is es-
sentially associated with the horizontal influx of moisture in the lower
half of the troposphere. We feel that data on the water vapor budget can
be used for estimating the mean quantity of steady precipitation over an
area for differcnt practical applications,
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CHOICE OF DECISIONS WITH THE AVAILABILITY OF FORECASTS WITH DIFFERENT

VALIDITY TIMES
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[Article by Candidate of Technical Sciences Ye. Ye. Zhukovskiy, Agrophys-

ical Institute, submitted for publication 3 May 1979]

Abstract: The author examines the problems in-
volved in the adoption of economically optimum
decisions with the availability of meteorolog-
ical forecasts which become more precise with
time. The article includes a detailed study of

the "climatological information - alternative
forecasting" and "forecasting with a long val-
idity time - forecasting with a short validity
time" situations. It proposes a method for geomet—
rical interpretation of the results using opti-

mality criteria making possible quite simple

determination for each user of the best economic
strategy and formulation of sound requirements

on prognostic information.

[Text] General principles. The principles of the economic approach to

the problem of optimum use of meteorological forecasts were already

laid in the 1930's by M. A. Omshanskiy [9] and were further developed

in a whole series of later investigations [1, 7, 8, and others]. A re-
sult of these studies was solution of a troad range of problems direct-
ed to increasing the effectiveness of use of meteorological information
in the control of the economy [5]. However, it must be noted that vir-
tually all the problems considered to this time have had in a certain
sense a static character and have pertained exclusively to those situa-
tions when the choice of economic alternatives was made by the user in
one time interval. At the same time, it is possible to cite many examples
when the process of adoption of a decision is more complex and is very
closely related to the time factor. Indeed, the most common situation en-
countered is that which can be arbitrarily called an "either-either" sit-
uation. The essence of this situation is that in order to attain the de~
sired effect the user in principle can make use of one of n economic

10
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decisions available to him, these differing from one another with respect
to the moment of their realization. With an increase in the validity time
of the measures taken there are usually two tendencies observed: the
economy of the actions taken by the user increases, whereas the reliabil-
ity of the meteorological information used in choosing decisions decreas-
es. The opposite picture is observed with a decrease in validity time:
the reliability of information about anticipated weather conditions in-
creases, but the possibility of routine "adaptation" to these conditionms,
and accordingly, the results cf the economic measures taken, 1s reduced.
Thus, the need arises for fiuding some most rational "time" strategy for
the adoption of decisions. In this communication we will examine this
problem for the simplest case, when n = 2, that 1s, the user has the pos-
sibility of making a choice between two types of economic measures having
different validity times.

In formulating the mentioned problem we will use as a point of departure
that the user is dealing with semz dangerous or simply unfavorable meteor-
logical phenomenon which can occur or mot occur; if it does occur, the
economy is inflicted a loss equal to L units of cost. Adhering to Ander-
son [10], who evidently was the first to give attention to the necessity
for a deeper study of the adoption of optimum decisions taking the time
factor into account, we will assume that in order to prevent losses from
unfavorable weather it is sufficient for the user to carry out one of two
protective measures: d'j, having a relatively great validity time T' and

a relatively small cost C' or d!, having a lesser validity time T"(T"<T'),
but greater than di, cost C". T&us, it is assumed that

It 18 clear that any precautionary measures can be used only under the

= condition that expenditures in carrying them out do not exceed the losses
caused by unfavorable weather. It therefore follows that in all situations
which are of any practical interest the following expressions should be
observed 0= <1

T$

. (2)
Osgsl

In addition to what has been said, we will assume that both types of con-

sidered protective measures d] and d' are "ideal" in the sense that any

of them completely prevent losses from the occurring harmful phenomenon.

Table 1
General Form of Matrix of Losses

'y Heficteus

5 1 norpeburens 2

[ ’ , 0 t ” KEY:

2 |4 4 4d| ddy 1. Weather F

2, Actions of user

. Py cle |

mlCole] oo
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F_and F; here are used to denote the states of weather corresponding

to cases of realization of a harmful phenomenon (F1) and its absence (Fa);
d;dy, dj, 4, d3dY are variants of possible two-stage actions of the user
(512 dnz__ % 272 . "

15 9y n the first interval protective measures d" are carried out,
in the second nothing is done; d'dz -- in the first interval nothing is
done; in the second protective méasures d} are carried out; d'dg -~ protec-
tive measures are not taken in either the first or second intervals). It
is easy to understand that the actions d1d¥, involving successive carrying
out both types of protective measures, do not make sense by virtue of the
agssumption made concerning the idealness of the protective measures taken.

Analysis of strategies: analytical conclusions and geometrical interpret-
ation. The nature of the economic decisions taken by the user will be
essentially dependent on what meteorological information he has, or at
least can get. From this point of view there are three cases which are
of the greatest practical interest:

a) the availability to the user of only climatological information, stip-
ulated in the form of the value of the natural frequency of occurrence
of the considered harmful phenomenon P1 = B(F1);

b) the availability to the user first (in the stage of adoption of before-~
hand decisions d') of climatological information alone, and than (with the
adoption of short-range decisions d") a meteorological forecast with a
short time validity;

¢) availability of two successively issued forecasts with a long and short
validity time.

It should be noted that the terms "long" and “short" validity times are
employed here and in the text which follows exclusively for the purpose of
emphasizing that the corresponding prognostic information has different
validity time and is associated with the moments for carrying out differ-
ent protective measures.

Case a). If the only meteorological information which the user has is in-
formation on the natural frequency of recurrence of a harmful phenomenon,
interest is only in one of two climatological strategies S,; 1, involving

a constant (regardless of specific weather conditions) carrying out of pro-
tective measures with a long validity time d' and S¢1 2» consisting in the
full neglecting of any protective measures whatsoever. The decision to
"constantly carry out protective measures for a shore validity time"

will not make sense because by virtue of inequality (1) such a strategy
will inevitably be worse than Se1 1-

Adhering henceforth to the usual Bayes approach, we will assume that the
most advantageous strategy among any set of considered strategies is that
vhich ensures minimizing of the mean losses U (in the statistical sense).

12
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For two variants of the possible economic strategies Sc1 1 and Sy ¢
the U values will be equal (respectively) to

Ue11 ™ p'cl+'(l—ﬂl)c)-0’. (3)

and
U,y 2 = PqL- %)

Converting from the absolute U values to the normalized indices E = u/L,
these formulas can be rewritten in the form

Ecl 1 = C'/L, (5)
Ee1 2 = P1» (6)
and similarly to U, relative to E, henceforth we will also use the term

"mean losses" without the word "normalized," since this does not change
the sense and nature of the reasonings.

Comparison of equations (5) and (6) makes it possible to conclude that
with any values

c
— <P N
the user must use the strategy 8.1 1» but with all
% >n (8

-~ the stragey S.7 2. In other words, if the conditions (7) are satis-—
fied, then the climatologically optimum strategy is a constant carrying
out of protective measures d', whereas with condition (8) one must be
content with a possible 1osslfrom unfavorable weather.

For a graphic evaluation of the results it is then convenient to have a
geometrical interpretation involving the comstruction of so-called op-
timum strategy diagrams.

As indicated in Fig. la, by virtue of conditions (1) and (2), in the co-
ordinates (C"/L, C'/L) the needs of different users correspond to points
lying within the "base" triangle formed by the x-axis C"/L, the vertical
straight line C"/L = 1 and the bisector C'/L = C"/L. Solution of the
problem of choice of the best economic strategy is reduced to breakdown
of the area of this triangle into a number of nonintersecting regions,
each of which corresponds to the optimality conditions of some one
strategy, and subsequent finding of the region in which the point

N[(C"/L)y, (C'/L)y]

characterizing this user falls. For a case when we have only climatological

13
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information, such a breakdown is shown in Fig. 1b. All the points lying
above the horizontal straight line C'/L = p; correspond to the climatol-
oglcally optimum strategy Se1 2 and all the points below it —- to the
strategy Scl 1-

el
17
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Fig. 1. Diagrams of optimum strategies. a) general case; b) presence of
only climatological information; c) "climatology - alternative forecast-
ing" situation; d) "forecast with a long validity time - forecast with a
short validity time" situation.

_ Case b). Before turning directly to this case, we will make several gen-
eral comments relating to the character of the used forecast. In partic~
ular, we will assume that this forecast, henceforth designated T", from
the point of view of the time of compilation and issuance to the user,
can be employed in the process of adoption of decisions on carrying out
protective measures with a short validity time. The second assumption
made hereafter is that the forecast T" has a categoric character, that
is, its text contains one of two assertions: "the phenomenon is expect-
ed" or "the phenomenon is not expected."

As is well known, a thorough idea concerning the success of any alterna-~

tive forecast 1T is given by a square conjugation matrix whose elements

are pyy = P(FiTTj) (1, 3 =1, 2) -~ the joint probabilities of the pre-
B dicted (TTj) and actually occurring (Fy) weather conditions. The general

14
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form of such a matrix is given in Table 2, where p* and p; designate the
probabilities of the texts of the forecast =T and 17" Ty

Table 2

Conjugation Matrix for Alternative Forecast

&y,

Mporuos T
g1 A
s s
é II, n,

Pit Pr2 J 41
F
F | pa P2 Pa
I pl' p; 1

KEY:
1. Weather F
2. Forecast

In addition to the joint probabilities Pi4» for the subsequent analysis
it is useful to introduce into considera%ion the values Pilj = pij/pg
(1, j =1, 2) representing the condi:ional probabilities of occurrence
of the weather phase F; with the predicted state F; (that is, under the
condition TT= TT,). It 1is obvious that for any met odologically sound
prognostic schemes there must be satisfaction of the inequalities

mn>ﬁphw<P|L
P < P2, P> Pe

and it is easy to demonstrate that the satisfaction of any of them immedi-
ately leads to satisfaction of all the others.

(9

With the availability of climatological information and a successful al-
ternative forecast TI" with a short validity time, in addition to the
strategies considered above Sc1 j and S.; 5, there is still another pos-
sibility -- proceeding to the strategy Sqrw, involving the carrying out
of protective measures d) in accordance with the anticipated (predicted)
weather conditions. The Strategy of adoption of decisions, despite a
forecast, on the assumption of correctness of the conditions (9), can be
immediately discarded since it will always yield to the better of the
strategies 8s7 1 or Scl 2-

Turning to Tebles 1 and 2, we can write that the mean losses correspond-
ing to the uze of the strategy Syrr are computed using the formula

o C* " 10
Eﬂ' = pl _L- +Plgr ( )
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where the doubie primes on p* and py, denote that the corresponding prob-
abilities are related to the forecast JI".

A comparison of the Eqn, E ; ; and E.; 5 values shows that the differen-
tiation of economic decisions in forecasting with a short validity time
is more advantageous than the climatological strategles S.7 7 and S.1 2
in those cases when there is satisfaction of the inequalities -
4 .ﬂ C" o 4 .A -

&->p T+ P £ <Py (11)
Examining these relationships jointly with (7) and (8) it is simple to
construct a corresponding optimality diagram and ascertain the regions
of greatest effectiveness of each of the three strategles S.; 1, S¢; 2
and Sqrv. In particular, as can be seen from Fig. lc, the region where
it is desirable to use the strategy St is a triangle adiacent to the
straight line C'/L = C"/L and having vertices at the points

A (p;p, P:‘z): B8 (pzll' p;ll)' C(p;“' p‘)' (12)
Here the first coordinate is C"/L and the second is C'/L.

The region in which there is dominance of the strategy S.7 2 is situated
in the right upper corner of the base triangle and corresponds to the
points (C"/L, C'/L), satisfying the conditions

el e
-L—>Pm. _L_>pl‘ . (13)
In all the remaining cases the best solution will be the constant carry-

ing out of protective measures with a long validity time, that is, the
strategy Sc1 1-

It should be noted that in the general methodological plan the consider-
ed problem can be interpreted as the problem of the choice of an optimum
economic strategy when a stochastic climatological forecast is available
as well as a categorical forecast with a short validity time.

Case c). This differs from the preceding in that in addition to climatol-
ogical information on the frequency of occurrence of a harmful phenomenon
and an alternative forecast TT" with a short validity time the user also
has an alternative forecast with a long validity time T{' which from the
point of view of the moment of compilation and issuance to the user can
be employed in the stage of adoption of decisions on the carrying out of
long-range protective measures di.

With the availability of two forecasts in principle there can be so-called
complex strategies whose realization assumes the simultaneous use of all

the prognostic information [2-4]. As an example, it is easy to visualize
the following variant of adoption of economic decisions.

16
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In the case of poor weather (IT' = Trl) anticipated from a forecast with
a long validity time the protective measures di are carried out and the

forecast TT" 1is not further taken into account, However, in the case of

good weather (TT' = TJ,) anticipated under the first forecast the final

decision is adopted in the second stage, to wit: if the forecast TT'",

like TT ', indicates favorable conditions (TT" = TT2), no measures are
taken; however, if according to the second forecast a harmful phenomenon
is anticipated (TT" = TTy), the protective measures d. are carried out.

Thus, precautionary measures are taken when predicting a harmful pheno-
menon by at leasi one method. Another situation can also occur when protec-
tive measures, on the other hand, are carried out only in a case when the
harmful phenomenon is anticipated only on the basis of both forecasts.

It follows from an analysis of the different variants for the adoption of
decisions that that in the particular case there is a total of ten con-
ceivable complex strategies.

As was pointed out in [2-4], for finding the optimum algorithm for a com-

- pPlex approach it is not enough to know only the characteristics (conjug-
ation matrices) of the individual alternative forecasts introduced above
and it is necessary to have information on the probabilistic character-
istics P(FTT'TT") which determine the joint frequency of recurrence of
different combinations of texts of both forecasts TT', TT" and the actual-
1y occurring weather conditions F. The seeking of these probabilities re-
quires an analysis of considerable statistical material and frequently
iuvolves certain difficulties. Taking this into account, in the first
stage we will examine only a simpler problem involving the choice of the
best of four elementary (not complex) strategies Sc1 1, Sc1 2» Sqr" and
Str'. The first three of them are already known to us: they correspond
to the mean losses determined by equations (5), (6) and (10). With re-

4 spect to the strategy St7', meaning adoption of decisions in accordance
with an alternative forecast with a long validity time, by analogy with
(10) the mean losses with its use will be

o C ’
Env=p; T +Pu (14)
Here pf' and p'z, like the other probabilities with a prime presented here~
- after, relate %o the forecast TT' and have the very same sense as the sim-
) ilar values with a double prime for the forecast TT".

- It should be noted that the strategies of the operations, despite the fore-

casts TT' and TT", which also are not complex, simply need not be consider-

- ed, since, as already noted, with methodological soundness of the prognos-
tic methods they always will be less effective than Sc3 j and S;p 2.

The seeking of regilons of optimality of each of the four enumerated ele-
mentary strategies is reduced to joint analysis of expressions (5), (6),
(10) and (14) and construction of a corresponding diagram of optimum
strategies. The most natural case will be when a forecast with a short
time validity TI" has better success indices both from the point of view

17
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of the probability of a correct prediction of the occurring dangerous
phenomenon (pl|]> 121 ) and with respect to the frequency of recurrence

of different errors c‘)% the type "missing of a phenomenon" (p'1'|2<pl|")'
The hreakdown of the area of the base triangle into regions of optimai-

ity of individual strategies, corresponding to this condition, is shown

in Fig. 1d. It is easy to see that for carrying out the corresponding

constructions it i§ necegsary and adequate to know five indices: condition-
n

al probabilities P1)1s Puz’ plll’ pl|2 and the climatological frquuency

of recurrence of the phenomenon P1.

Equating the right-hand sides of the expressions for Eqm and Eq' to one -
another, it can be shown that the boundary separating the region of dom-

inance of the strategy Sp;' from the region of greater effectiveness of the

strategy Sy will be the straight line

' . p., C” »
CT =py+ =% (T _me)’ (15)
P
passing through the points
=P
X (_’2'1__2_ ,,m)_ (16)
P] ]

Y (P;lx" p;,,)

which in the particular case (that is, when the forecast T " is better
than Y1') lie below the straight line C'/L = C"/L. The reglons of optimal-
ity of the strategies Sqy' and Str» in this case have the form of rec-
tangles; the first of these :!.s a right—angle trapezium. Easily confirmed
also is the fact that when P1)1> Pl and Py ,5p; -- when the forecast
with a long validity time T “ténds to a random lforecast, the points X and
Y approach one another and there is a gradual transition to the optimal-
ity diagram shown in Fig. 1, o/t
7

- K =c¢l1
Sunz -
Sn", s
’ N
- - et e 4
S
by -
!
S | I
1 !
0 95 08 76

Fig. 2. Finding of optimum strategy in presence of two alternative fore-
casts (example). -
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Fig. 3. Geometric interpretation of formulation of rejuirements on fore-
cast on part of user. a) zomes £27, §2, and §23, differing in nature of
requirements on the success of predictions: b) N6521; c) NES,; d) N€523.

Table 3

Percentage Frequency of Recurrence of Different Combinations of Predicted
and Actually Occurring Weather Conditions for Two Forecasts of Different
Validity Times

G e
F L
I, 1, mn|
Foloas ]| o)) 4
F, 25 35 18 42 60
T |50 | 0| 4| 55 |100

Discussion of results. The described geometric method can be used success-
fully in solving two mutually inverse problems. We have already dealt with
the first in the process of the analysis of strategies carried out above.
The problem is formulated as follows.

19
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We will assume that we know the climatological frequency of recurrence
of the harmful phenomenon and the probabilistic characteristics of
forecasts of different time validity, determined by the corresponding
conjugation matrices. It is necessary to determine what economic strategy
_ must be adhered to by the users of this meteorological information with
different values of the economic indices (C"/L)N and C'/L)N (N is the -
- number of the user).

In order to answer the formulated problem it is sufficient to carry out
a construction similar to that shown in Fig. 1d and then determine in
which of the regions the point of interest to us

V) 6]

We will illustrate this procedure in one specific example. Table 3 gives
the percentage frequenciles of recurrence of possible combinations of pre-
dicted and actually occurring weather conditions for two alternative
forecasts TT' and TT" differing with respect to validity time. On the
basis of these data, for both prognostic methods we will find the charac-
teristics of success p1)1 and P1l2- In this case we will have:

falls.

For 1T % c 15 pan.

R =5 = 0,50, = 5= 0,30;
for TT" N |

P;“ == 0.60, p’l'l2 == 0,24.

The climatological frequency of recurrence of the predicted phenomenon is -
pp = 0.40 (40%Z). Thus, both forecasts are methodologically sound and the
forecast with the lesser validity time has the higher success. Figure 2

- shows the diagram of optimality of different strategies corresponding to

- the considered case. -

We will assume that there are two users, for the first of which C"/L = 0.6
and C'/L = 0.4, whereas for the second —- C"/L = 0.8 and C'/L = 0.6. The
corresponding points in Fig. 2 are N1 and N,. Taking their positions into
account, it can be concluded that for the first user the optimum strategy
is that of carrying out of protective measures dj in accordance with the
forecast TT', and for the second —- the dispensing with precautionary
measures and being content with possible loss from unfavorable weather. In
a gimilar way (without any computations whatsoever) it is possible to give
recommendations on the adoption of economic decisions for any other users.

Now we will turn to the inverse problem. In this case the economic charac-
teristics (C"/L)N and (C'/L)y are assumed to be stipulated, these deter-—
mining the users, and the question is raised as to what requirements must
be satisfied by forecasts, in particular, a forecast with a short time

|
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validity TT" so that its use will give a positive effect in comparison
with a climatologically optimum strategy or (if Ehere is a methodologic-
ally sound forecast with a long validity time TT ) in comparison with
the best of the strategies S.7 1, Sc1 2 and Syr'. The solution of this
problem, to be sure, could be obtained purely analytically, on the basis
of a joint analysis of the expressions for the mean losses Ecl 1, Es.1 2,
Emn' and Eq". However, these same results are obtained in a more graphic
form if we have recourse to a corresponding geometrical interpretation.
We will illustrate this in the example of formulation of the require-
ments on prognostic information in a "climatology - forecast with a short
- time validity" situation.

As demonstrated in Fig. 3a, there are three zones ‘Q1> Qz and Qc3 which
differ ip the nature of the requirements imposed on prognostic informa-
tion.

kkkkk
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For any points lying below the straight line

c’ ”
- T=plg[' (region «Qvl), an

the very formulation of the problem of seeking the condi.ions for a: change
from the climatologically optimum strategy here S.; 1 to the use of the
forecast TI" does not make sense, since with any probabilities p"lle [p1,
1] and pz‘l 2and p! ., & [0, p;] the region of optimality of the s]:‘rategy
Al (sh;;ded in HE 3b) is situated above the considered region~.Q,1.
= When the point N[(%”—) , (_CL_'_) ]
N N

falls over the straight line (17) there can be two cases:

14 (EZ‘)N< (%’)N<p’ (region S?,z) (18)
and
_ (S_L)~>Pl (region 'Q’B) 19)

The first of these is more complex. As can be seen from the constructions
shown in Fig. 3c, in the region §3, the strategy Str# can be optimum only
with pi’l1 values which without question exceed the critically small level

cr

pl(T)N
PRt = —rv— ) ’ (20

(L N

and p{,z values unquestionably less than the critically high level
~ (_C_l..) — P (%—)
) . L N N . (21)
TN C) —p+
(" )N (T )~

It is also easy to demonstrate that with stipulation of a specific p |2
value belonging to the interval [O, pm?x] the use of the T" forecas%
will be feasible only with probabiiit}eg phl exceeding the value

AN |
} (L P (22)
P =P+ (P — i) ’(E—_‘—'

—.0'1’2 :
Ly |

value lyirg within the interval [P™P 1]

and, on the other hand, if a p! 1j1
must br. less than

is registered, the probabilityllgi"z
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o= Cl,’;ll (CL—')LA,"— Py (%':)N _
(T),~(T),—»+7n @3

The limiting expressions (20) and (21) in fact represent special cases of
the general expressions (22) and (23). In actuality, with p",, = 0 (20)
follows from (22), whereas with py|; = 1 (21) follows from %53). Thus, in
the region|522, stipulated by the bilateral inequality (18), a change from
an indicated S, 1 strategy which is climatologically optimum here to the
strategy Sy requires the satisfaction of definite limitations imposed on
the admissible values of the probabilities pE'l and pglz.

- With respect to the region 523;'situated above the horizontal straight line
’ C'/L = »1 (Fig. 3d), here a change to the strategy Sy will be desirable
- with any values
» C”
P> (T)
0 (L v

(24)

that is, in contrast to the preceding case no special requirements are im-
posed on the probability PIIZ' This, to be sure, does not mean that the
lez value in the 523 region has no importance at all. It is not important
only from the point of view of fundamental solution of the problem of what
is more advantageous: be guided by the forecast or not take any protective
measures. [The mentioned peculiarity is a reflection of the general prin-
ciple, discussed in [6], of the one-sidedness of the requirements imposed
on an alternative forecast by some specific user.] However, with respect
to the degree of usefulness of prognostic informdtion, all other condi-
tions being equal, it will always be the higher the lesser the probability

"
Pil2-
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UDC 551.576.1
EVALUATION OF THE STAGE OF DEVELOPMENT OF A CUMULUS CLOUD
Moscow METEOROLOGIYA I GIDROLOGIYA in Russian No 1, Jan 80 pp 24-29

(Article by G. N, Nikitina and G. I. Skhirtladze, Institute of Experimental
Meteorology, submitted for publication 20 April 1979]

Abstract: This paper presents the results of
measurement of the optical density of cumu-
lus clouds. The authors demonstrate the dif-
ferences in the distributions of the size of
optical inhomogeneities in developing and
decaying clouds (on the basis of visual ob-
servations). A method for probabilistic
evaluation of the stage of evolution of a
cumulus cloud is proposed which is based

on the horizontal extent of optically homo-
geneous sectors.

[Text] The physical processes transpiring in cumulus clouds are essentially
dependent on the stage of cloud development. It is possible to differenti-
ate three stages in evolution of a cumulus cloud: development, stationary
state and decay [9]. In making observations of clouds from the ground these
stages can be determined using photogrammetric measurements of the rate of
development of the tops and vertical and horizontal dimensions of the
cloud [1, 10]. It is difficult to make such measurements aboard an air-
craft laboratory. In this case there are limitations on visual observa-
tions of clouds, making it possible for the most part to separate decaying
clouds from nondecaying clouds, that is, those in the stage of development
or in a stationary state [11]. However, visual observations cannot be made
in flight when there is a high degree of cloud coverage when the aircraft
laboratory rapidly passes from one cloud into another. Accordingly, for
aircraft investigations of cumulus clouds it is necessary to have a method
making it possible to evaluate the stage in development of a cloud when
processing experimental data. In this paper an attempt is made to evaluate
the stage in development of a cumulus cloud on the basis of the nature of

- variability of the optical density of the cloud medium in a horizontal di-
rection.
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Experimental investigations [4~6] have shown that clouds of different
species can be characterized by a definite mean horizontal scale of non-
uniformity of the attenuation index -- a parameter characterizing the
optical density of the medium. For cumulus clouds this scale is 150 m

[6].

In the studies enumerated above there was no mention of the stage in de-
velopment of the investigated cumulus cloud; averaging was for all clouds.
Using an IL-14 aircraft laboratory we carried out measurements of the op-
tical density of cumulus clouds, accompanied by wisual evaluations of the
aerologist aboard who determined the stage of cloud development directly
before the aircraft passed through the cloud. The flights took place dur—
ing 1976-1978 (in summer) over the territory of Moldavia and the Ukraine.
The measurements were made in droplet clouds with a vertical thickness
of 0.8-2.5 km. The cloud was considered to be in the development stage
(or in a stationary state) under the following conditions: well-expressed
turbulently developing top, clear outlines, and insofar as possible in
observations in the cloud cover field, an even base [9, 11]. A cloud with
a "fibrous" top and indistinct outlines was considered to be in a stage
of decay. A cloud with a decaying uneven base, but retaining evidences
of growing upper and middle parts, was also regarded as being in the de-
velopment stage [1]. The flights through clouds were made for the most
_ part in the middle or upper parts. In 1978 the measurements were made
in growing and decaying clouds on each flight; in 1977 ~- only in growing
clouds. In 1976 repeated flights were made through clouds which before
the fly-through were evaluated as growing clouds, but which in subsequent
fly-throughs gradually decayed and measurements were made separately only
in decaying clouds. The number of clouds investigated on each flight and
the characteristics of the synoptic situations on measurement days are
given in Table 1.

During flight through the cloud measurements were continuously made to
determined optical demsity. A "Boomerang" instrument was used [7]; it had
a time constant T = 0.0l sec. Temperature was measured using a low-in-
ertia electric thermometer with T = 0.03 sec. Flight altitude and velo-
city were measured using EDPD-1 modified sensors. Measurement data were
registered with a loop oscillograph with a rate of movement of the photo-
tape of 8 mm/sec. Figure 1 shows examples of oscillograms with registry
of instrument readings during flight through cumulus clouds.

The primary processing of experimental data involved the measurement of
the lengths of segments in clouds which are uniform in optical density.

As in [6], those sectors of a cloud were considered uniform in which the
attenuation index Y m~l (or the value of the range of visibility S m, in-
versely proportional to it [6]) did not change by a factor of more than 2.
Cloud inhomogeneities were grouped by sizes. The range of dimensions of
inhomogeneities in the group was 50 m. The data in each measurement ser-
ies (each flight) were used in plotting the distributions of inhomogen-

_ cities by sizes in developing and decaying clouds. As a rule,
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the scales of the inhomogeneities in the decaying clouds were less than
in the developing clouds. A comparison of the distributions was made us-
Ing the Kolmogorov test K(A) [8]. Table 2 gives the computed values

1 = K(A) for a comparison of the distributions of inhomogeneities from
four arbitrarily selected series of measurements with one another. The
high 1 - K(A) values (insignificance of differences) for clouds in one
stage of evolution and the low values for clouds in a different stage
indicate that the optical structure of the cumulus clouds is slightly de-
pendent on the conditions under which the cloud developed and exists in
comparison with the dependence on development stage. Accordingly, it is
possible to combine data from series of measurements relating to differ-
ent synoptic conditions for the purpose of increasing the statistical
back-up for the distributions.

SHF
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Fig, 1. Variation of optical denmsity (1) and temperature (2) along the
horizontal in developing (a) and decaying (b) cumulus clouds; 3 and 4 —-
altitude and flight speed of aircraft respectively.,
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Fig. 2. Size distribution of optical inhomogeneities in growing (1) and de-
caying (2) clouds.
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Fig. 3. Distributions of dimensions i,of optical inhomogeneities in growing
(1) and decaying (2) clouds relative to extent of cloud L.

Figure 2 shows the size distributions of optical inhomogeneities in clouds
in the growth stage (1061 inhomogeneities) and the stages in decay (683 in-
homogeneities) constructed on the basis of results of all measurements. The
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most probable size of inhomogeneities in both cases is about 100 m. How-
ever, there are significant differences between the two distributioms.
The-distribution relating to decaying clouds (2) is more symmetric; it con-
tains virtually no uniform sectors of more than 500 m in length and sectors
with a length > 250 m constitute only 10% of the total number. Distribu-
tion (1) is sharply asymmetric; inhomogeneities in it greater than 250 m
constitute 35% of the total number; individual inhomogeneities attain a
size 1000-1500 m. The mean size of the optical inhomogeneities in growing
clouds 1g 194 m, and in decaying clouds -~ 102 m. The mean horizontal sizes
of clouds in different stages were approximately identical -- about 1200 m.
Estimates of the significance of differences in distributions (1) and (2),
carried out using the K(A) test, show that these differences are signif-
icant with a significance level less than 5%.

Table 2

Values 1 ~ K(A) in Intercomparison of Distributions of Optical Inhomogen-
eities from Different Measurement Series (Flights)

l§§ s | 7| u | ne
Z2RE
3 | 0,379] 0,999] 0,963 0,064
5 | — | 0,05 0,117] 0,954
7 | = | = |omfo,00
u | —f -]~ |oos

* series relating to decaying clouds.

KEY:
1. No of flight (7able 1)

In 90% of the cases the optically densest parts of the growing clouds were
the longest homogeneous sectors. No such dependence was observed in decay-
ing clouds. Figure 2 shows that the greater (lesser) are the dimensions of

- the inhomogeneities, the more probable it is that the cloud can be assigned
to the category of growing (decaying), in the absence of visual observations.
Table 3 gives the numerical values of the probability of correspondence of
evaluations of the stage of development of clouds by sizes of optical in-
homogeneities to visual observations, computed from the distributions of
sizes of the most extensive cloud sectors.

Similar results can be obtained without making visual observations of a
cloud, but by comparing the optical structure of clouds with repeated pass-
es of the aircraft. It is known that the aircraft, when flying through, ex~
erts a destructive effect on a cloud with small vertical development; for
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the IL-14 aircraft the number of flights through the cloud adequate for
cloud decay is 1-5 [2]. It can be noted on the basis of measurement data
for 1976, when repeated flights were made through clouds, that with an
increase in the number of passes through the cloud the dimensions of the
optical inhomogeneities in general decrease. In the first flights through
clouds the mean dimensions of the inhomogeneities were 212 m, in the sec-
ond -- 187 m, and in successive passes -- 135 m.

Table 3

Probabilities of Correspondence (%) of Evaluations of Stage of Development
of Clouds by Sizes of Optical Inhomogeneities to Visual Observations

c 2 MakcuManbiisle pasmMeps HEOXHOPORHOCTER, M
o EE|8|8(8 8|35
Pa3BHTHA § | é ] | | é g | §
A8 |8 | B|8|8|¢ g R
3 Pacrywme 0 13 20 25 35 50 60 75 90 | 100
4 Pacnagaomuecst 100 87 80 75 65 30 40 25 10 0

KEY:
1. Development stage
2. Maximum size of inhomogeneities, m
3. Growing
4. Decaying

In an examination of the synchronous records of temperature and optical
density variability in clouds we note a correlation between them (Fig. 1).
According to [3], in a cumulus cloud the zones with a higher temperature
correspond to ascending convective flows. The size distribution of zones
of increased temperature (convective flows) in growing and decaying clouds
- was compared. These distributions differed from one another similar to the
_ distributions of optical inhomogeneities (Fig. 2). Accordingly, the dif-
ference in the optical structure of clouds in different stages of evolution
1s attributable to the difference in the structure of cloud convection.

A comparison of the distributions of the relative (to the horizontal extent
of the cloud) dimensions of optical inhomogeneities, represented in Fig. 3,
is of definite interest. This figure shows that in decaying clouds the rel-
- ative dimensions of the inhomogeneities are substantially less than in grow-
- ing clouds. In the latter there are many cases when the cloud is almost as
uniform horizontally as, for example, in Fig. la. A noteworthy point is the
presence of a minimum in the distribution relating to growing clouds (Fig. 3
(2)). It is possible that this minimum is the limit separating growing and
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stationary clouds. This 1is supported by the fact that individual measure-
ments of the structure of convective flows [12] show that in small cumu-
lus clouds with a vertical thickness of about 2 km in the growth stage

- there 1s a predominance of one ascending flow whose dimensions are com-
parable with the extent of the cloud. Accordingly, convective flows de-
termine the optical structure of a cloud. The position of the minimum in
the distribution (1) is evidently governed by the nature of the separa-
tion of the main flow with transition of a cloud into a stationary stage.
The quantity of clouds for which the relative dimensions of homogeneous
sectors are close to unity is 10-15% of the total number of clouds evalu-
ated as ''growing." These evaluations agree with measurements of the rela-
tionship between the quantity of growing and stationary clouds in the
field of cumulus clouds [3]. Nevertheless, despite indirect confirma-
tions of the possibility of separating growing clouds from stationary
clouds on the basis of the )/L value, where § is the dimension of a homo-
geneous sector, L is the extent of the cloud, additional investigations
are required for its rigorous demonstration.
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FEATURES OF OZONE DISTRIBUTION WITH ENTRY OF SOUTHERLY CYCLONES INTO THE
EUROPEAN USSR

Moscow METEOROLOGIYA I GIDROLOGIYA in Russian No 1, Jan 80 pp 30-35

[Article by Candidate of Geographical Sciences L. A, Uranova, USSR Hydro-
meteorological Scientific Research Center, submitted for publication 23
March 1979]

Abstract: The author examines the relationship
between the forming of southerly cyclones and
their entry into the European USSR and regions
of a minimum total ozone content, It was found
that on the average two days prior to the forma-
tion of a cyclone over the Mediterranean or Black
Seas a region of minimum ozone is formed in this
region., The trajectory of cyclone entry passes
along a zone of reduced total ozone content, be-
ing deflected from the trajectory of motion of
the ozone minimum by an average of 300~400 km.
The entry of the cyclone into the European USSR
usually occurs the day after the arrival of the
ozone minimum.

[Text] As is well known, a prediction of entry of southerly cyclones into
the European USSR is one of the most difficult problems and as yet does
not have a high degree of success. Until now all studies of this problem
have been based exclusively on synoptic interrelationships [1, 3, 5, 6].

In this paper we examine the possibility of an influence of the distribu-
tion of the total ozone content and its changes on the entry of southerly
cyclones into the European USSR. During the past decade there have been
quite a few studies devoted to the interrelationships between the distrib-
ution of the total ozone content and atmospheric circulation [2, 4, 7-10].
Many of them have related to the influence of atmospheric circulation on
ozone, During recent years several studies have been devoted to the influ-~
ence of the distribution of total ozone content on circulation [4, 7, 8].
In particular, in one of the recent studies [8] it was demonstrated that
there is a rather good correlation between the day-to-day ozone variability
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Fig. 1. Trajectories of motion of southerly cyclones (1) and accompanying
regions of ozone minima (2). a) 18-25 August 1972; b) 6~7 October 1971; c)
12-16 September 1971.

Table L

Distribution of Entries of Southerly Cyclones inte
During 1971-1975

European USSR by Months

: THINE TEIENE
rom | El5 5|8 |s |58 B E|E S|
1|52 63 34 2954 =7 =8 39 SWSPL21p&1B &
ion |1t fol1lolo|3|o]al1]l3]o] 14
1972 0 0 1 3 0 3 3 2 3 4 1 0 20
1973 0 5 4 4 0 1 1 0 1 2 3 21
1974 0 1 ? 3 1 0 1 0 0 5 0 2 14
i975 0 0 3 4 0 2 0 0 0 1 0 2 12
Beero 1 7 5 |15 5 b} 8 3 7 |12 6 7 81
13
KEY:
1. Year 8. July
2. January 9. August
3. February 10. September
4. March 11. October
5. April 12, November
6. May 13. December
7. June 14, Total

and also day-to-day variability of pressure and temperature at sea level,
It was found on the basis of a rather long series of years that on the
average after three days the day-to-day variability of pressure at sea
level has the same sign as the day-to-day variability of ozone. In addi-
tion, a correlation was found between marked fluctuations of the total
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content of ozone from day to day and the appearance of tropical cyclones.

On the basis of the mentioned studies, in this article we have examined
cases of the development of cyclones in the Mediterranean and Black Seas
which later entered the European USSR and the field of the total ozone
content during this game period., We analyzed a total of 81 entries of
southerly cyclones into the European USSR during 1971-1975,

Also used in the analysis were daily maps of the total content of ozone,

_ weather maps of the northern hemisphere for 0300 and 1500 hours Moscow
time and pressure pattern charts of the isobaric surfaces 700 and 500 mb.
We plotted the trajectories of motion of cyclones and the ozone minima
regions associated with them, as well as graphs of the temporal distribu-
tion of the day-to-day variability of the total content of ozone and pres-
Sur. at sea level from the moment of development to filling in the terri-
tory of the European USSR.

As demonstrated by an analysis of 544 cyclones arising over the Mediterran-
ean and Black Seas during 1971-1975, each of the developing cyclones cor-
responded to a definite ozone minimum (Fig. 1). However, by no means all
cyclones existed more than one day and only 15% of all the cyclones entered
the European USSR.

The distribution of entries of southerly cyclones into the European USSR by
months (Table 1) indicated that the greatest number of entries is observed
in spring and autumn; in winter and summer there are considerably fewer,
ilowever, in 1972 the maximum of entry of cyclones into the European USSR
occurred in summer and autumn, and in 1973 -~ in winter and spring.

As indicated earlier [1], a necessary condition for the entry of southerly
cyclones into the European USSR is a meridional transformation of the high-
level pressure field in the lower troposphere. During the considered period
the development of cyclones over the Mediterranean and Black Seas occurred
at the sea surface simultaneously or somewhat earlier, with meridional
transformation of the pressure field at the isobaric surface 500 mb, Usual-
ly, after the formation of cyclones, along the western peripheries of high~
level troughs there is an inflow of cold air masses, penetrating to the
Mediterranean Sea, which favors the further development of the cyclones
developing here and their entry into the European USSR along the eastern
periphery of this trough.

Here we will give a detailed analysis of one of the 81 cases of entry of
southerly cyclones into the European USSR, also carefully analyzed.

For example, on 18 August 1972, a cyclone developed in the northern part of
the Apennines Peninsula, Later it entered the European USSR and on 25 August
reached the Kola Peninsula., The pressure at its center at the time of devel-
opment was 1008 mb and during the entire time of entry changed insignificant-
ly. The chart for the isobaric surface 500 mb for 0300 hours on 18 August
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indicated that over Eurasia there was a zonal flow and only on 19 August
was there a restructuring of the high-altitude pressure field, as a result
of which a high-altitude trough was formed over Europe. This trough reached
the southern shores of the Mediterranean Sea. The inflow of cold air from
the northern part of the Atlantiec along the western periphery of this
trough led to a deepening and activation of the cyclone developing the day
before and favored its entry into the European USSR along the eastern peri-
phery of the trough. Thus, the development of this cyclome cannot be at-
tributed to meridional transformation of the high-altitude pressure field,

Table 2

Development of Southerly Cyclones and Minima of Total Ozone Content During
Period 1971-1975

Onospe- o MunHMYM 030Ra pabive QUKAOR2 Ha
MEBHO f y nenn | 2mus | 3 ama | 4 num | 5 auen
1 3
Yueno
4 cnyqaen 0 19 184 277 48 16
% 0 4 33 b1 9 3

KEY:
1. Simultaneously
2. Ozone minimum earlier than cyclone by...
3. 1 day, 2 days...
4. Nuuber of cases

An analysis of the field of total ozone content for the second half of Aug-
ust 1972 indicated that from 14 to 15 August the ozone field was transform-
ed in such a way that a zone with a minimum quantity of ozone passed through
the whole of Europe from southwest to northeast (an ozone minimum of 0.240
cm was observed over the Baltic Sea). The region of the ozone maximum, up
to 15 August occupying the temperate latitudes, was divided into two cen-
ters, One of them was situated over America (0.360 cm) with a "spur" to
Western Europe; tha other was over the southern part of Eastern Siberia
(0.440 cm). This led to the formation of an ozone minimum region on 16 Aug-
ust in the ozone trough over the Balkan Peninsula; this ozone minimum later
began to shift into the European USSR. The trajectory of motion of this
ozone minimum passed from the southwest to the northeast to the shores of
the Arctic Ocean. A marked decrease in tihe quantity of ozone occurred along
the future trajectory of motion of the cyclone during the period 14-15 Aug-
ust. For example, at Kiev, Riga, Leningrad and Arkhangel'sk the ozone quan-
tity in 24 hours decreased on the average by 0.060 cm. The region of the
ozone minimum was formed three days before the development of the surface
cyclone (Fig. 1). The trajectory of motion of the cyclome almost duplicates
the trajectory of motion of the ozone minimum region, deviating 500-600 km
to the left of it.
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As already mentioned before, a high percentage of the entries of southerly
cyclones occurred against a background of a reduced total content of ozone
since the ozone minimum in the annual variation is observed in September-
October. In addition, to the south of 40°N the field of a reduced quantity
of ozone predominates the entire year, If in this case a zone of reduced
Ozone content, oriented from north to south or from northeast to southwest
is observed over Europe, it can be postulated that a developing ozone mini-
mum will be displaced into the European USSR and on the average after two
days a cyclone is formed in the surface pressure field. This cyclone will
also enter the European USSR. The entry of a cyclone usually occurs a day
after entry of the ozone minimum.

The formation of a cyclone two or three days later in the region where the
ozone minimum developed before this can be attributed to the fact that

the decrease in the quantity of ozome favors an increase in UV penetrating
into the lower layers of the atmosphere, which, in turn, leads to addition-
al heating of the air in this region, the appearance of a heat ridge, and
accordingly, the great temperature contrasts necessary for the genesis of
a cyclone.

Analysis of all 544 cases of entry of southerly cyclones into the European
USSR, occurring during 1971-1975, indicated that they always developed af-
ter the formation of an ozone minimum zone in this region and that in 84%
of the cases they developed after two or three days (Table 2). The centers
- of cyclones, upon entry into the European USSR, lagged a little and deviat-
ed from the centers of the ozone minima by an average of 300-400 km.

All the entries of cyclones into the European USSR, on the basis of their
relationship to the distribution of the total content of ozone, can first
be divided into three groups.

The first group includes cyclones whose trajectories, upon entry into the
European USSR, were deflected to the left from the trajectories of motion
of regions of an ozone minimum. During the considered period 30 trajector-
ies of cyclones or 37% of all the cases were deflected to the left from
the ozone trajectories. In all these cases southerly cyclones persisted

. for an average of 5-6 days. These cyclones usually advanced far to the
north or northeast (Fig. la).

The second group includes cyclones whose trajectories were deflected to the
right from the trajectories of motion of regions of ozone minima. During
1971-1975 there were 14 such cyclones or 17% of all the cases. These ey~
clones were rapidly filled (they did not exist more than two days) and
most did not advance to the north of 50°N (Fig. 1b).

- The third group includes cyclones whose trajectories intersected the trajec—
tories of motion of ozone minima (37 cyclones or 46% of the cases). In these
cases the lifetime of the cyclones did not exceed 5 days. It should be noted

38

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070017-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070017-4

FOR OFFICIAL USE ONLY

that if after intersection the trajectory of motion of a cyclone was de-
flected to the right from the trajectory of the ozone minimum, the cyclone
is rapidly filled; however, if the trajectory of the cyclone 1is deflected
to the left of the trajectory of the ozone minimum, the cyclone is intens-
ified and exlsts for several more days. However, in all cases (81) the
ozone minimum is filled a day or two earlier than a cyclone.

During the considered period there were several cases when cyclones, after

entry into the southern European USSR, changed the direction of motion and

turned abruptly to the west. The region of the ozone minimum was also dis—

placed to the west, somewhat outrunning the cyclone. The cyclone trajectory
in this case is deflected to the right of the trajectory of the ozone mini-
mum. One such entry occurred during the period 7-11 September 1971,

A joint analysis of data on the day-to-day variability of the total content
of ozone and pressure at sea level during the development of cyclones and
reglons of ozone minima and along the trajectories of their motion indi-
cated that there is a rather close correlation between them (Table 3). Such
a correlation was obtained for the first time in [8] in 1975. As indicated
by the data in this table, in only 37 cases, that is, in 46% of the cases,
the pressure during the development of cyclones decreased by more than 5
mb; in all the remaining cases the pressure changes during one day were
insignificant. The data in Table 3 also indicate that the formation of a
cyclone occurred on the average two days after the formation of a region of
a minimum of the total ozone content in this same region and the entry of

a cyclone into the European USSR begins on the average a day after the on-
set of arrival of the ozone minimum.
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Fig. 2. Curves of the distribution of the day-to-day variability of pres-

suze (1) and ozone (2) with the formation and entry of cyclones and ozone
minima regions.

KEY:
1. p mb
2, February
3. August
4, November
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- Table 3

Day-to-Day Variability of Ozone.Content and Pressure With the Development
(A, B) and With the Arrival of Ozone Minima (A1) and Southerly Cyclones (81)
in European USSR in 1971-1972

Dlatk Bo3nHKHO- Hara Hatu Bo3thk- Hara
BEHHA K 3aTy- A suxola | A, 3’;‘,’:;3’;"3’:‘; 5 | Bhxoza | 5
Xanuns smux Oy Mun. O, LHKAONE UHKAOHA .
Sy 9 A A
1971 r.
31 X115 | ~0,030 | 21 —0025 | 251 -2 31 —-17
21—28 1 —0,091 { 25 I1 0 23—28 11 ~2] 2611  —20
30 Ill—2 1v —0,020 | Y —0,015 1-31v 0 21V —10
28 VI—10 VII | —0,084 1 vil 0.050 I—10 VII ed 2 VII -
19—25 VII 0,060 | 20 VII 0,060 21—25 Vi1 -2 21vIl -2
22-28 VII —0,026 | 23 VII | —0.011 24—28 VII -3 | 24 VII —3
3—11 IX —0,034 | 41X 0,008 7—11 IX -10 71X —10
10—14 IX 0015 { 11 IX —0,034 12—16 1X —-61 121X —6
16—21 IX —0,020 | 16 IX —0,030 1722 1X —14 ] 171X —14
18--23 IX 0 18 IX 0 26—24 1X —6 | 201X —6
4—-7 X 0 5 X 0 6—7 X 0 6 X 0
7—13 X1 —0,020 7 X1 —0,020 11—14 IX 01 11 XI -5
H—I5 X1 0 12 X] 0,020 14—16 IX -3 14 XI 0
1622 XI —0,007 | 18 X1 —0,011 20—23 XI 0] 20 X1 0
1972 r. . )
26—-30 111 ] 28 111 —0,009 29—-30 111 -9 29 111 -9
19—24 1V —0,016 { 21 IV —-0,013 21—25 IV ~11 211v —1
1925 Iv —0.010 { 21 1V 0,020 2225 IV -3 221V -3
2227 1V 0 25 v 0 24—-28 1V 101 26 Iv )
30 V—3 VI —0,020 1 VI 0,020 2—-3 VI -3 3 viI -3
15—18 VI —0,011 | 15 VI —0,020 1€—18 VI 01 .16 VI 0
- 21—25 VI —0,011 | 24 VI ~0,003 | 24—25 VI 01 24 VI 0
27 VI—5 VI1 —0.010 { 30 V1 —0,015 30 VI—5 vli| —6 | 30 vI —6
27 VI 0 4 VI 0 5—8 VII 1 5 vl 1
8~—16 VII —0,002 8 VII | —0,002 =17 vit 0 11 vII 0
16—25 VIII 0 19 VIII | —0,014 18—25 VIII | —1 21 v 0
2228 VIII 0 24 VIl | —0,015 2528 VIII |- 0| 25 VII] 0
31 VIII—4 IX | —0.010 11X 0,020 2—5.1X .0 2 IX .0
12—20 IX —0,020 | 15 IX 0,040 15—21 IX <10 151X 10
21—-26 IX 0 23 IX —0,015 24—27 IX -1} 241X -1
15—17 X 0 16 X —0,005 17—18 X -1 17 X C—1
18—23 X 0,010 | 19 X 0,020 20—24 X 0] 20X 0
19—24 X 0 21 X 0 21—-24 X 11 22X -7
20—22 X -0,010 | 21 X 0,020 | 22—23 X 1) 22X 1
1217 XI —0,029 | 13 X] 0,032 16—18 XI —1 |16 XI -1

KEY:
1. Dates of development and attenuation of 03 minimum
2, Date of arrival of 03 minimum
3. Dates of formation and filling of cyclone
4. Date of arrival of cyclone

40

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070017-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070017-4

FOR OFFICIAL USE ONLY

Since the pressure changes accompanying the generation of southerly cyclones
are in large part insignificant (Table 3), which does not always make it
possible to detect them at once, the appearance of a region of an ozone
minimum and an ozone trough, directed from northeast to southwest, is a
good predictor for predictfon of the entry of southerly cyclones onto the
European territory of the USSR.

An analysis of graphs of the variability of the total content of ozone and
pressure at sea level with their generation and along cyclone tracks, as is
the case for ozone minima, indicated that the course of day-to-day varia-
bility of pressure in a cyclone duplicates the course of variability of
ozone in the region of the minimum with an average lag of two days (Fig.
2). The characteristic course of day-to-day variability of both ozone and
pressure wiii the appearance of cyclones is first a marked decrease and
then an increase and again a decrease of ozone.

Thus, an analysis of maps of the total ozone content is also becoming nec-
essary for daily weather forecasts because the changes in the total ozone

content can serve as a predictor in predicting the entry of southerly cy-

clones into the European USSR.
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UDC 551.(509.314+54,543) (215.17)

EVALUATION OF THE EFFECTIVENESS OF REMOTE SENSING OF THE GEGPOTENTIAL
FIELD OVER THE NORTHERN HEMISPHERE

Moscow METEOROLOGIYA I GIDROLOGIYA in Russian No 1, Jan 80 pp 36-45

- [Article by A. Ya. Kazakov and Candidate of Physical and Mathematical Sci-
ences 0. M. Pokrovskiy, Leningrad State University, submitted for pub-
lication 30 May 1979]

Abstract: The authors propose a method for
evaluating the information yield of global
systems for observation of the geopotential
field with the use of empirical orthogonal
functions. The article gives a comparison of
the characteristics of the effectiveness of
the network of aerological stations, systems
for remoté sensing of the atmosphere and
their combination. The spatial structure of
errors in analysis of the geopotential field
H500 in the northern hemisphere is studied
for the mentioned observation systems. Zones
are defined in which the analytical errors
contain anomalous mesoscale components. The
local ani global iuformation contribution of
remote measurements carried out in individual
polar orbits is investigated. The effect of
"information saturation" is discussed.

[Text] The matters of use of data from remote thermal sensing of the atmo-
sphere in numerical analysis and weather forecasting occupy an important
place in investigations carried out in the area of overlap between atmo-
spheric optics and dynamic meteorology [8]. A great many studies have
been devoted to the problems involved in the four-dimensional assimila-
tion of asynchronous meteorological information. These results have been
summarized in [5]. The prospects for increasing the effectiveness of the

- procedures for assimilation are related to methods for the direct use of
spectrometric information in objective analysis and its matching with or-
dinary aerological data [2, 3, 9].
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In addition to the development of methods for the interpretation and an-
alysis of the results of remote sensing it is of considerable interest

to carry out investigations for evaluating the information yield from dif-
ferent systems of meteorological observations. It is of special importance
to compare the data contributions of the existing aerological network of
observations and the planned system for remote sensing of the atmosphere
in numerical analysis and short-range forecasting. Also of practical in-
terest are investigations of the role of both observation systems in the
analysis of the components of meteorological fields of different scales
and also determination of the information availability for individual geo-
graphical regions. Evaluations of the spatial distribution of errors in
analysis are necessary as a point of departure for studying the effective-
ness of the collected data from the point of view of the efficiency of
numerical forecasting.

There can be two approaches from the methodological point of view. The
first is based on use of the traditional objective analysis approach in
which there is discrimination of limited spatial regions of "points of in-
fluence" (stations) for carrying out optimum interpolation and assimila-
tion. In [1] this approach was employed in computing theoretical evalua~
tions of analytical errors for both observation systems.

An alternative approach is related to realization of a numerical model of
global data analysis. This model was employed in [7] for objective analy-
sls purposes. Its effectiveness is determined to a considerable degree by
the adequate choice of base functions.

In this paper such a method is proposed for evaluating the information
yield of observation systems with respect to the geopotential field. As
the basis we used empirical orthogonal functions (EOF) representing the
statistical structure of the most important pressure field fluctuations.
It is clear that the EOF base will not always be sufficiently flexible for
objective analysis purposes due to limitation on the wave spectrum repre-
sented in it. However, evaluations of information content are averaged
values and therefore must be determined by the statistical structure of
the set of records, and not by the characteristics of its individual rep-
resentatives.

Another prerequisite for the use of EOF in this investigation is the cir-
cumstance that due to the presence of spatial correlation of errors in re-
mote sensing data the possibilities of detecting mesoscale disturbances of
the geopotential field are limited. The EOF basis for the most part con-
tains long-wave components.

Characteristics of Information Yield of Observation Systems

We will examine the formalism of evaluation of the information yield of

systems for observing fluctuations of the geopotential field. We will use
a statistical formulation of the problem. In the case of direct observations
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carried out in the network of aerological stations, the observation equation
has the following form:

¥(s)=x(s)Fe(s). 1)

Here x(s) is the true geopotential value for some fixed isobaric surface
at a point of intersection in a horizontal grid s (s = 1,...,N), £ (s) is
the observation error, X(s) is a value obtained from measurement.

The observation equation written in terms of deviations from the mean values
X(s) has a similar form. It can be assumed that £ = (e (1),..., £(N)) dis the
random vector of observation errors having zero mean components and the
stipulated matrix of covariations Keg¢ = ¢ 2.1 (I is the unit matrix). The
latter expression means that the observation errors at network stations are
statistically independent.

It is known that the interpretation of data from remote measurements is re-
lated to solution of the linearized algebraic system

AT(s) =A-AT(5)+8(s). (2)

- Here A-AT = AT and AT are the vectors of deviations in values of the in-
tensity of outgoing radiation and the temperature profile from the corres-
ponding means I(s) and T(s), & (s) is the vector of observation errors. We
will assume that the § components have zero means and the known covariation
matrix K 5

We will assume that the set of subsatellite points does not intersect with
the set of points in the aerological network. In this case s = N+l,...,M.

The deviation of the relative geopotential value Ax(s) at the point s is
a linear functional of the type r* AT(s) (* is the transposition symbol),
where the vector-row r* = (by, «vesbp, 0,...,0); by are quadrature coef-
ficients used in approximation of the integral, which arises when comput-
ing height (geopotential). In this case the observation equation assumes
the following form:

Ax(s)=Ax(s)+e(s). (3
Here Ax(s) is the true deviation of geopotential from the mean value x(s)
at the point s. The & (s) value in (3) is the sum of the error in evaluat-

ing the relative geopotential e (s) and the contribution of uncertainty
in information on surface pressure £,7(s). It follows from (2) that

1(5) = q . 8(3) - r*.p.AT, ¢* = r*.at, At

is a matrix which is pseudoinverse to A, P = I - At-A. The corresponding
dispersion is equal to

o %1 = g*.K, g+r*.P-K, Pr
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Evaluations for the 0'22’2 values are given in [8].

Now we will rewrite equations (2), (3) in spectral form with use of the EOF
basis. Assume that the matrix :

Z=1Zy)%

is formed by the values of the first K EOF in a grid containing R points of
intersection. We will assume that K& M{R. For the vector of deviations of
geopotential at the points of grid intersection AX = (Ax(1l),..., A x(R))*
the following representation 1is correct

AX=Z.cty. (4)

Here ¢ = (c ,...,ck)* is a set of unknown coefficients, ¥ is the vector of
the "remainders" of the series.

_ In the set of points of grid intersection we will discriminate the full set
of observation points and we will denote it « ., Then, for these ,points from
system (4) it is possible to discriminate a subsystem which, with equations
(1)-(3) taken into account, is rewritten in the form

AX (0) = 2o -cFe(0). (5)

Here ~ T

e(v) = y(o)+e(o),

£(w) 1is a vector whose components were formed from the observation errors
entering into (1) and (3).

The model (5) makes it possible to evaluate the accuracy in determining the
- coefficients ¢ on the basis of the existing observation system. When using
the EOF as a system of base functions the components of the vector c are
independent random values with zero means and the stipilated dispersions
- A2 ({=1,...,k). The dispersion of the norm of the vector of "remainders"
Yy is determined by the "tail" of the series )
.
I=h+1
The covariation matrix of the vector ¢ has the diagonal form ./\_=~diag (}\f,
s }1%) We will denote the covariation matrix of the vector g (w) by

R, .

It was demonstrated in [6, 10] that the use of 40-50 EOF ensures an adequate
degree of approximation of the geopotential field in the sense that the val-~
ue of the relative accumulated dispersion

(E3/2

exceeds the established "threshold of significance" of the order 0.95-0.98.
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Therefore the k value does not exceed 40-50. The sum M+N can be a value

of several hundreds or thousands. Two identical representations are correct
for the remaining covariation matrix A of evaluations of the vector c. In
one of them it is necessary to invert a matrix of the order M x M; in the
other - a matrix of the dimensionality k x k. Taking into account that M

k, we will make use of an approach in which it is necessary to invert a
matrix of lesser dimensionality. This formula has the form

A= (28 K. Z, 4+ A ©)

Conversion to a regular grid makes it possible to obtain evaluations of ac-
curacy on the basis of computations of the residual matrix of covaria-
tions

£=Z.A-2% )

It is desirable to carry out an analysis of the results on the basis of
absolute and relative accuracy characteristics. The values of the standard
deviation§~cqi(l,= 1,...,R), representing the square roots of the diagonal
elements 2 , characterize the accuracy in analysis of the geopotential
field. Couvenient characteristics of information yield relative to the
set of measurement data are the values of the relative residual disper-
sions d% = cri /cr% (1=1,...,R). Here C'%i are the diagonal elements
of the matrix %f natural covariations of the geopotential values in a reg~
ular grid ¥ = z.- A-z*. It is also desirable to examine the mean values of

the dispersion - R
Q= <Z d%/R)

i=1

and the standard deviation v/ d? which give some idea concerning the general
effectiveness of the observation system.

In the case of an aerological network of observations the errors in indi-
vidual measvrements can be considered statistically independent values.
In this situation the computations of the product of the matrices in for-
mula (6) are carried out using single summation of the components

Pam= 2 Zin 'k;l "Zim
1

(k;. are elements of the matrix K"l). The errors in the results of remote

sen;ing are [2, 12] spatially correlated. In this case the computation of
the elements of the product of the matrices in (6) must be accomplished
on the basis of double summing

p;""‘ = z’z Zia .k7i Zim = E Zin zk;l *Zime
Y] . |

It is clear that the dependence ki- as functions of the subscripts i, j
has a unimodal structure with a maXimum with i = j. In addition, it can
be assumed that the EOF components {zin} vary quite smoothly as a
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function of the grid index i. Accordingly, proceeding on the basis of the
relationships cited above it can be concluded that the structures of the
Ppm 2nd P'op data masses must be similar. However, due to the presence of
additional summation the nature of the dependence of the index must be
smoother in the case p_ . The absolute values p'pp on the average can
exceed the components Phn+ Ihls means that the effective dispersion of
errors in correlated observations is greater than for statistically in-

" .dependent observations. The noted circumstance in this case is associated
with the fact that with addition of a symmetric matrix with zero diagonal
and non-negative nondiagonal matrices to a diagonal positively determined
matrix its norm will not decrease.

*kkkk
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Comparative Analysis of Effectiveness of Observation Systems

The computation scheme presented above can serve as a basis for evaluating
the effectiveness of existing and planned observation systems. The object
of consideration in this paper is the geopotential field H50g. The purpose
of the investigation is a comparison of the information yield of data from
the aerological network and the system of satellite observations.

Existing satellites in polar orbits make it possible to obtain indirect in-
formation on thé global distribution of meteorological parameters over a
period of 10-12 hours; this requires a definite time correction of data
[8]. In the case of a planned system of 2-3 satellites, functioning simul-
taneously, the time interval is reduced to 3-6 hours and the problem of the
asynchronicity of the collected information ceases to be so significant.
Accordingiy, we will not deal with the time . .pect of the problem. As the
EOF we used the J. Rinne grid base [10], describing the region of the high
and temperate latitudes in the northern hemisphere. The mentioned EOF were
obtained on the basis of trial and error and an analysis of a sample for
1965-1968 containing 228 records. This base very satisfactorily reproduces
the principal peculiarities of the H500 field and is employed effectively
for numerical analysis and short-range forecasting purposes [10]. The base
is stipulated in a grid constructed using a polar stereographic projection
and containing 1080 points of intersection. The distance between the grid
points ¢f intersection is about 300 km. In the basic computations we used

_ the first 20 functions from the set of EOF provided us through the kind-

ness of Doctor J. Rinne. This set of functions corresponds to the 96%

level of relative accumulated dispersion when using dependent statistics

and the 917 level when using an independent sample [10]. For the consider-

ed set of EOF the lower limit of effective wavelengths is 4000 km. There-
fore, the corresponding evaluations of analytical accuracy to a comsider-
able degree reflect large-scale fluctuations of the geopotential field.

The basis for the computations which were made was the actual positioning
of the network of stations for aerological sounding and the set of sub-
satellite points for polar orbits, one following the other each 20° in
longitude. It was assumed that the width of the band scanned by the spec-
trometer from a satellite is 500 km at the surface [8]. For a simplifica-
tion of the computations as the points of data input we used the closest
points of intersection in the grid at which the EOF are stipulated. How-
ever, it must be remembered that the mathematical scheme considered above
does not impose any limitations on the totality of points in the < set.

\

Now we will proceed to an examination of the results of these computations.
First we will discuss the average characteristics of the effectiveness of

three observation systeme: a) ground network of stations, b) system for

global remote sensing, c) combined system of aerological sounding and re-

Ve
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of the Hgyg field are given in Table 1. It follows from the presented data
that in the absence of spatial correlation in the errors in remote measure-
ments the system of satellite monitoring could be not less effective than
the network of ground aerological stations. According to the evaluations in
[2, 11], the correlation radius of such errors is 1000 km or more. The use
of a correlation radius of 900 km in the computations leads to a decrease
in the effecti~eness of analysis of the geopotential field by a factor of

1 1/2. But even in this case the level of analytical errors when the anal-
ysis is based only on satellite data is only 30-50% higher than on the ba-
sls of aerological information. This circumstance makes it desirable to
have a combined observation system. These evaluations indicate that the
contribution of data from remote sounding (with use of optimum assimila-
tion schemes) ensures an increase in analytical accuracy by a factor of
approximately 1 1/2. 1t should be noted that the inclusion of mesoscale
geopotential field components in the analysis probably can somewhat change
- the relationship of the effectiveness indices in favor of the aerological
network of stations.

Table 1

= Mean Characteristics of Effectiveness  d? of Analysis of Hsgp Field for
Different Observation Systems

: O6vennHennas
CHcrena Aspoaornue- Jucranuionnoe
HaGAatonennii 1 | ckas cetn 2 30HAHpOBAHHE 3 OHCTQ::H:;GMO-
5 TounocTs RaHHLX . R

HaGMoaeHHR, M 15 30 30 | 50 30 15/30 15/30
g Koppeanuns owm.’ : 9 10
Gox ser 7 HeT A8 | ner aa Het/uer | Het/na

V& x 10: 31 24 36 40160 | 16 | 20

KEY:
- 1. Observation system 6. Correlation of errors
2. Aerological network 7. no
3. Remote sensing 8. yes
4. Combined 9. no/no
5. Accuracy of observation data, m 10. no/yes

The relative accumulated dispersion, corresponding to the set of EOF [10],
converges quite rapidly to 1. For example, for sets consisting of 16, 20,
24 and 28 first elements of the EOF bdse, the mentioned values are 0.935,
0.961, 0.973, 0.982 respectively. Therefore, the dependence of the mean
relative analytical errors (Table 2) on the number of functions with k& 20
is quite weak. The cited data indicate that even 20 EOF make it possible
to obtain reasonable evaluations of the effectiveness of the considered
observation systems.
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Table 2

Mean Characteristics of Effectiveness } a2 x 102 of Analysis in Dependence
on Number of EOF '

4 Yueno 300

Tousocrs  |Koppeasuns

CucreMa Habmogenuit “""uﬁ' “ omgOo_K 16 20 % 28 _

1

5 JIHCT@HUHOKHOE 30HAH- 7 ' ’
pomanHe 30 aAa 3,56 3,63 3,65 3,67

6 OGwaauHenas cucTeMa 15/30 Het/aa. 8 2,01 2,04 2,05 2,06

KEY:
1. Observation system
2. Accuracy of data, m
3. Correlation of errors
4. Number of EOF
5. Remote sensing
6. Combined system
7. yes
8. no/yes

i

Spatial Structure of Information Yield Characteristics

Now we will discuss the spatial distribution of the mean analytical error
O on the basis of data from the observation systems which we considered
above. First we will discuss the structure of the values of the mean nat-
ural fluctuations O of the geopotential field. The distribution repre-
sented in Fig. 1b is characterized by two important anomalous zones which
are associated with the presence of standing waves in the northeastern
part of Canada and Siberia. The indicated regions are joiued by a "saddle"
extending out in the polar zone. We should note the complex spatial struc-
ture of the statistics of fluctuations of the geopotential field in the
synoptically active zone of the northeastern Atlantic.

The use of data from aerological observations (Fig. la) ensures uniformity
in the coverage with data for a large part of the continental regions.
There is an extensive region of maximum analytical errors in the central
part of the North Atlantic which extended into the polar regions. The def-
icit of data availability is related to "unccvered regions."

Now we will examine the case of a remote measurements system. Different var-
lants of the computations are given in Figures 2, 3a. According to the es-
timates in [8], the ‘7'81 values for the random value € figuring in formula
(3) fall in the range 30-40 m. Taking into account that %€y is 5-15 m [8],
the computations were made for the cases ¢= 30 and 50 m. The spatial cor-
relation of errors in remote observations exerts no influence on the struc-
ture of the & distribution {Fig. 2). We can note only some smoothing
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~
Fig., 1. Spatial distribution of analytical errors O of H field on the _
basis of data from the aerological network (0; = 15 m) (a) and "natural"
- fluctuations of the field Hsgo O (dam) (b).

Fig. 2, Spatial distribution of analytical errors & of H50y field accord-

ing to remote sensing data. a) 0z = 50 n (with correlation taken into ac-

count), b) O¢ = 50 m (without correlation taken into account).
NS 4

Fig. 3. Spatial distribution of analytical errors O of Hsgp field. a) ac-
cording to data from remote sensing ( Og = 30 m), b) according to data from

combined observation system: O¢ = 15 m (aerology), O¢ = 30 m (remote
sensing).
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effect. The anomalous zones of maximum values in analytical errors cor-
respond to the position of regions of standing waves, where mesoscale dis-
turbances dominate, which cannot be satisfactorily indicated on the basis
of remote measurements [3]. The anomalous zone in the North Atlantic is
most extensive. Its area is somewhat reduced with an increase in measure-
ment accuracy (Fig. 3a). The spatial distribution of analytical errors
has two anomalous regions of maximum values. One of them is situated on the
polar periphery of the Siberian zone of standing waves; another is situat-
- ed in the North Atlantic (Fig. 3b). It can be noted that the entire polar
basin is poorly supplied with data even with the availability of a combin-
ed observation system.

The noted nonuniformities in the spatial structure of data coverage charac-
teristics indicate the desirability of formulating the problem of the op-
timum planning of an observation system. Below we will examine some as—
pects of this problem applicable to a remote sensing system.

Evaluations of Effectiveness of Contribution of Rémote Measurements in (n-
dividual Orbits

The volume of information stored in the on-board memory devices is always
limited. Therefore, it is necessary to clarify the most important regions
of collection of data ensuring their maximum information contribution.

In connection with the specifics of obtaining satellite information it is
desirable to examine the role of individual orbits. For this purpose we
computed two characteristics of the effectiveness of measurements in indi-
vidual orbits, separated from one another by 20° in longitude. The informa-
tion contribution of the s-th orbit, as a result of analysis in the entire
network is described by the value

‘ . P —
r :l/z (o505 )R. .
fmm1 .

The effectiveness of these same data for the group of subsatellite points
_ for a particular orbit is characterized by the ratio

I"z‘ = l/ 2 (c,f)."afz )2,"Rs.
v oiglLs

In these expressions Cfii are the standard analytical errors after input
of observational data in the s-th orbit, Lg is a set consisting of Ry in-
dices corresponding to the subsatellite points in a particular orbit. Thus,
averaging in the formula for rf is accomplished for the entire grid, but in
the expression for rg is done only for the subsatellite points of the cur-
rent orbit.

According to the cited data (Table 3), in a case when the presence of an
aerological network of staticns is not taken into account it is orbit No
6 which is most informative with respect to both characteristics. It passes
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over anomalous regions of standing waves over the northeastern part of
Canada and Siberia where there are maximum mean fluctuations of the geo~
potential field. Computations show that orbit No 9, situated to the west
of the Atlantic coast of Europe, is least informative. The excess of the
maximum values over the minimum ry and ry values 1s about 40%. Although
the data obtained from individual orbits ensure some refining of the an-
alytical results over the entire area, this information is of particular
importance for the subsatellite points. Here the accuracy indices exceed

the mean values for the grid by a factor of 4.

Table 3
W
[ Global and Local Characteristics of
Effectiveness of Measurements in In-
at dividual Orbits
1 Bes yyera3] C yueToM)}
2 Ilg;lzgrg. a3poorye- | asposoriye-
| é CKOA ceTH | ckoft ceT
(-9
° nX X x| rx
i X10 | x10 | X100| 5162
ot % 0) 180 | 4,80 }1,29(2,23 2,15
20 | 160 | 4,70 11,30 | 2,22 2,18
3 4011401487 {1,2812,2] 2,25
41 60[120]4,67]1,23(2,22 2,08
h 80 5100 | 4,81 |1,33(2,24 1,96
6 10| 8)13,95]1,15]2,17 2,11
7 1120f 60)4,44]1.45]2,15|2.53
8 140 4014,581,402,12 2,97
9 1160 | 20[5,20]1,49 2,94 2,57
N B 5w  KEY
1. No of orbit 5. E
2. Longitude, ° 6. W
) 3. Without allowance for aero-

Fig. 4. Dependence of / d2 on number of
orbital revolutions in which measurements
were made (the two extreme curves are
given).

logical network

~

ical network

With allowance for aerolog-

In a case when the presence of a network of aerological stations is taken
into account the dependences of r] and rg on lougitude are in antiphase.
The most informative orbit (with respect to r]) is No 8, which passes over

the Atlantic Ocean, but is least effective for local analysis purposes. On

the other hand, orbit No 5, associated with Western Siberia, while being
least informative for global analysis purposes, is most effective for ob-

taining evaluations of geopotential at subsatellite points.
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Now we will discuss the possible reasons for this phenomenon. We will turn
to the spatial distribution of anmalytical errors when using data from the
aerological network (Fig. la). In continental regions there is a dominance
of the long-wave component. In the Atlantic Ocean area the wave spectrum to
a consjderable degree contains mesoscale fluctuations, whose remote sensing
is difficult [3]. Therefore, from the measurements made over the ocean we
for the most part extract information only on the long-wave component. Thus,
the low accuracy in reconstructing the mesoscale components causes an ap-
preclable increase in r values for orbits passing over ocean areas.

Figure 4 shows the dependence of theJlaz value on the number of orbits whose
measurements were used in the analysis. The figure shows two extremal curves
- from nine possible sets of successive orbits. It can therefore be seen that
"data saturation” already sets in after 4 to 5 revolutions. This is attrib-
utable to the fact that the collected data relate primarily to macroscale
components of the geopotential field. A further increase in the density and

volume of data does not lead to a substantial refinement of the analytical
results.

*kkkk
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UDC 551.509.6
CALCULATING THE ZONE OF CLEARING FROM A LINEAR HEAT SOURCE IN CLOUDS
Moscow METEORNMLOGIYA I GIDROLOGIYA in Russian No 1, Jan 80 pp 46-51

[Article by Candidate of Physical and Mathematical Sciences A. S. Kabanov
and M. M. Troyanov, Institute of Experimental Meteorology, submitted for
publication 22 May 1979]

Abstract: The authors determined the quantita-
tive relationships between the extent of zones
of clearing formed by the temperature field

from a linear heat source and the parameters

of the cloud medium. The heat source was situ-
ated both far from the underlying surface and
near it. When the heat source was situated near
the underlying surface it was assumed that the
velocity of the oncoming flow and heat conduc-
tivity increase with altitude in accordance with
a power law. The influence of convection on reg-
ular deformation of the clearing zone was ana-
lyzed.

[Text] The heat method for dissipating a fog has long been in use. In a
number of countries (United States, Great Britain, France, Japan) studies
have been made of the energy scattering of a fog. In France a system for
clearing a fog using turbojet engines situated on a landing strip has been
introduced. There are theoretical and experimental studies devoted to the
clearing of clouds under the influence of different heat sources, such as
[2, 7, 8). However, theoretical computations of the heat method essential-
ly involve an estimate of the quantity of heat for the evaporation of a
fog in a definite volume from the balance ratio: in order to evaporate a
fog in a particular volume it is necessary that this volume be heated by
1-2°C. In this case no allowance is made for the nonuniformity of the
field of temperature disturbances formed by the local heat source, which
can lead to substantial errors. A recently published study [1] gives a
numerical model for computing the zone of clearing from a point heat
source with a constant diffusion coefficient and wind velocity and without
convection taken into account. In this study there is no clarification of
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the interrelationship between different characteristics of the clearing
zone and the zome of undisturbed effect of the medium.

This paper has the objective of determining the principal quantitative re-
lationships between the parameters of the clearing zone in the cloud medium
from a linear heat source and the characteristics of the medium, and also
the source intensity. Although it must be admitted that the most realistic
allowance for all the interrelated processes is possible on the basis of
development of a numerical model, nevertheless the simplified model taken
here as a basis makes it possible to attain a satisfactory understanding

of the principal interrelationships and to obtain quantitative evaluations
important for practical purposes.

Formulation of problem. Assume that a linear heat source of infinite length
with the intensity Q (Q is the quantity of heat released into a unit length
in a unit time) is operative in a fog at the height h from the earth's sur-
face. We will select a Cartesian coordinate system in such a way that the
y-axis coincides with the source, the z-axis is directed upward. An exter-
nal flux moving with the velocity U>O0 is stipulated along the x-axis. In

a cloud medium undisturbed by any phenomenon the specific moisture content
Pg = Wotqg(To) is a stipulated constant value. Here Wo is specific liquid-
water content, qg(Tg) is specific humidity, equal to saturated humidity at
the undisturbed temperature Tg. The problem involves determination of the
boundary of the region of clearing S at which the liquid-water content of
the fog becomes equal to zero.

We will assume that the vapor in the cloud medium outside the clearing zone
is in a saturated state and that the liquid-drop moisture is completely en-
trained by the air flow. Then the distribution of specific liquid~water con-
tent outside the clearing zone is instantaneously adjusted under the tem-
perature field formed by the heat source, that is (T' is a disturbance of

background temperature) W (x, 2, t) o po"'_'_' q[ T, 4-‘T'(xz,t)], -
At the boundery S the specific iiquid-water content is equal to zero and
therefore g7 + 7.‘, (x, 2, )] = P, . 2)

Eduation (2) is fundamental for determining the boundary S; for computing S
it is necessary to know the temperature field T'.

(¢9)

For liquid-water contents observed in a fog there is satisfaction of the
condition ey e

- L7, -4:1

FERTE ST
where L is the specific latent heat of condensation of water, Ry is the
water vapor gas constant. Expansion of the q value in (2) with an accuracy
to the linear term containing p makes it possible to represent equation
(2) in the form T e

_ R}

' 3
Li=—1g W @

58

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070017-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070017-4

FOR OFFICIAL USE ONLY

Expression (3) was derived with neglecting of small changes in moisture
content due to compressibility of the medium caused by a temperature
change.

Assuming the coefficient of turbulent diffusion for water vapor to be equal
to the coefficient of turbulent thermal conductivity %, the stationary

equation for temperature in the cloud medium, taking phase transitions into
account, in accordance with [4], can be represented by transformation to the

form ' ” a
U.._*_ AT/._G.—;—O(X)O(Z) A-0X:+027' (4)
where Q = const, A 1is air density, p is the specific heat capacity of
the air at constant pressure, )
a= (I + A)— < l.

R, TS
With Tg = 283 K &= 0.45.

The parameter o<1, represented in (4) by the factor before the intensity
of the heat source, takes into account heat expenditures on phase trans-
itions outside the clearing zone. Equation (4) can be used in computing
the S surface. A proof of this is the fact that (4) is equivalent to the
equation - - -

.-——+u4———o(r)s(z)

for the known invariant A = T' -L/c, (W ~ W) relative to phase transitioms,
which is applicable everywhere, incguding the boundary of the clearing zone.
Taking (3) into account, we find that at the boundary of the clearing zone
T' and A are related by the expression T' = @A, that is, the o/ value in ac-

‘ tuality takes into account the decrease in the level of the temperature
field due to phase transitions.

Solution of the stationary problem without a boundary. We will assume that
the heat source is situated far from the underlying surface so that its in-
fluence can be neglected. The * and U parameters are assumed to be constant.
Then the stationary solution of equation (4) with the boundary conditions
T' = 0 withx=+c0, z = + is the function [6]

7 (x, z):—L exp( )Ko( ) (5)

2meppr

where Ko(i) is a Bessel function of the second kind (zero order) of the
fictitious argument: r (x2+z2)1 . Now we will examine quite intense heat
sources for which the distance rs from the origin of coordinates to the S
surface is considerably greater than the 2 /U value. This makes it possible
to use an asymptotic expression for the functlon

( )—V exp( ';)
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Then (5) and (3) make it possible to find the boundary S:

1 R R.,Tg Cpp
— et = = 2 —_— y
Vr 2V2= a QLlgu o (6)

where x and r are dimensionless values measured in the units 2 */U.

Converting in (6) to the polar coordinates (r, %), x = r cos ¥, we find

In L

r=o—-—t )]

1 ’
1 ——cos
a cost

where a = a(r) = 1+1/2r 1n r; we have 1<a<1.5. If we neglect the changes

in the background values Tg and Wp within the limits of a region commensur-
able with the clearing zone and arbitrarily assume that a = const, then (7)
will represent a second-order curve. Since 1/a <1, then (7) is the equation
for an ellipse. Thus, S is an ellipselike figure whose "focus" is situated

at the origin of coordinates.

Equation (6) makes it possible to estimate the horizontal and vertical

- dimensions of the clearing zone. Thus, we find (in dimensional units)
that:

a) the distance along the horizontal from the origin of coordinates to the
most remote point of the clearing zone "downstream" (x>0) is equal to:

A [Q )\ 1 1 algn \%, :
(&5 . A=)’

b) the maximum height of the clearing zone is accordingly equal to

Q. gy L _clo
;=8 vy’ By= %€ R,Ticsp ' ®

where e is the base of natural logarithms.
With Tp = 283 K we have Ag = 4-10723, By = 1.1-10711 (in esu units).

It follows from (9) that the maximum vertical dimension of the clearing zone
is not dependent on the thermal conductivity coefficient. In order to ex-
plain this fact we will use a more simplified model of heat transfer. We
will visualize that an air particle, passing through the point (0, 0) and
then moving along the x-axis with the velocity U, propagates heat in a zone
parallel to the z-axis. As is well known, in the one-dimensional problem of
heat conductivity from an instantaneous point source the temperature maxi-
mum is not dependent on X% at any point. Only the time during which this
maximum is attained is dependent on X% . In the zone associated with a mov-
ing air particle there is a point zg = §2/2, for which T;, the temperature
disturbance determining the S isotherm,will be maximum. This zg value is
also the maximum section. The Té value is attained during the time
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t= {2/8 * . Accordingly, the maximum altitude of the zone does not change,
- but fhe distance Xpax = U &5/8 % from the source to the position of the

maximum altitude will increase with a decrease in ). With a change in

X and U there is also a change in the characteristic time that the solu-

tion reaches a statirnary regime tstg:Q%/Zy. As ¥ or U tends to zero

there is an unlimited increase in the time for the solutiom to become

stationary.

Formulas (8) and (9) make it possible to evaluate the intensity of the

heat source clearing a region of stipulated dimensions. If it is neces-

sary to create a zone of clearing with the horizontal dimension Lx =

4-10% cm, then with X = 2.10% cm?/sec, T; = 283 K, Wy = 2-1077 g/cm3

we obtain Q = 1.25-1010 erg/(cm*sec). This intensity gs equivalent to -
the combustion of 2.8 g of kervsene per second per meter length of

source. With such an intensity of the source the vertical dimension of

the zone is L, = 3.4-103 cm. -

Now the condition r»2 %/U can be reglaced by the condition Q>Q*. Q* is
found from the condition 2 %/U = r(Q"), where as r we use the vertical
distance from the source to the boundary of the clearing zone. We note
that in this case we do not evaluate the dimensions of the clearin

zone with negative x. For our values of the parameters Q* = 2.4:107 erg/
(cm-sec). '

Influence of underlying surface. The thermal conductivity coefficient and
wind velocity in the atmospheric boundary layer can be parameterized in
the following way [3]:

where m, n? 0 are determined experimentally. It has been established
that m= 0.15-0.25; n& 1 (for example, see [3]).

In clarifying the influence of the underlying surface on the dimensions

of the clearing zone it was assumed (by virtue of the fact that X 2»¥g541,
¥g0il 1s the thermal conductivity of the soil) that there is no heat

flux through the underlying surface. We will place the heat source near
the underlying surface. The solution of equation (4) with the boundary
condition 2T

22

is the following function (for example see [9, 10]; the diffusion heat
transfer along the horizontal was neglected):

=0
z=0

q U:—-—I . m—n-+2
. T'(x,2)= #HeQ T exp{— Uz — ,
ool (S}(m—n 4 2)4n o xS (m—n+2) 220" x (11)
m—n+2>0,
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where

m -1 . m+n
m-—n+2"° 9= m—n-+2°

[ (s) is the gamma function.

In this case the boundary S is stipulated by the following equation

exp| — yzm -t _RTyWs o, O (8)(m — 1 4. 22 5=1 8 _
(m—n+ 2)'{ »2 " x - Lgy 2 QUs! =0y,
or, in explicit form
) ‘ —n +2)2x 20"
gm-ntt —._ " 7 ! (slnx +1Inc,). )

In this case the clearing zone 1is similar in form to the upper half of the
zone, obtained for velocities of the external flow and thermal conductiv-
ity, constant with altitude, but is considerably more elongated along the
x~-axis.

Fquation (12) makes it possible to find the horizontal and vertical dimen-
- sions of the clearing zone. The horizontal dimension of the clearing zone

is 1t ’
equa (o] 1 ( QU"’ >: B [ L"O’i’ N
Woxs )0 TN Lk TET () (m—n+2)? S-1c, p

lxz—c—;-=A,

] . @3

The maximum vertical dimension is equal to

. 1
h=p CU o [lrmt g [T

Wo 15”—1 e
$

% [ Lgy2ia ] n—n+z" (14)

Ry TiT (5)(m—n+2)2 =T pp

We will assume that U = 2-102 cm/sec, ¥ = 2-104 cm2~sec, z; = 10[‘ cm, Wo
= 2.1077 g/em3, Q = 1.25-1010 erg/(cm-sec), n = 1. For m = 0.15, 0.2,
0.25, the vertical dimensions of the clearing zone are equal to ] =
3.6-103 cm, 3.9.103 cm, 4.4:103 cm. It can be seen that the height of the
clearing zone is slightly dependent on m. The horizontal dimension of the
clearing zone with n = 1 is not at all dependent on m and is equal to Qx
= 6.2:105 cm.

Influence of coavection on clearing zore. Convection, caused by a heat
source, can raise up the clearing region. In evaluating this effect we
will make use of the results in [5], where the author describes the con~-
vection induced by a linear heat source in a stably stratified medium.

E If the influence of the underlying surface on convection is not taken
into account, then at the point where the heat source is operative, the
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. vertical velocity [5] is

— £gaQ 429 : g 12 (15
V.= 2ripcpn T2 arctg [/ g:['T'o' (1 _T’.} » )
- & T,
where Ta = Cp y T=— azon

g is the acceleration of free falling.

, Then, at the distance hx from the heat source the clearing zone rises up
to a height of about h,g, = V, i x/u. Using (8) and (15), we find

~ Q3 4 20 gaA
W= W org T 4= e 16

With Tp = 283 K a; = 2.6-10-28 (esu). For Q = 1.25-1010 erg/(em-sec), W
= 2.10-7 g/cm3, %= 2.10% cm2/sec, U = 2.102 cm/sec, Y= 0.4:10~% °C/cm,
in accordance with (16), hgon = 1.7:10° cm. It follows from (15) and (16)
that the oncoming flow decreases the intensity of convection. Such an ef-
fect of the oncoming flow is effective when 4 )LQOIUZ £1.
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a UDC 551.461.6:525.35

IRREGULARITY OF THE EARTH'S ROTATION AS POSSIBLE INDICES OF GLOBAL
- WATER EXCHANGE

Moscow METEOROLOGIYA I GIDROLOGIYA in Russian No 1, Jan 80 pp 52~59

[Article by Candidate of Physical and Mathematical Sciences N. S. Sidoren-
kov, USSR Hydrometeorological Scientific Research Center, submitted for
publicaticu 18 April 1979]

Abstract: A redistribution of moisture be-
tween the world ocean and the glacial covers

- changes the components of the tensor of the
earth's inertia and probably explains the
year-to-year changes in the rate of the
earth's rotation and the secular motion of
the poles. These irregularities of the
earth's rotation are registered by astro-
nomical methods and can be used as integral
characteristics of moisture redistribution
over the earth. The year-to~vear changes in
the rate of the earth's rotation quantitative~
ly characterize the increment of water mass in
the world ocean, whereas the secular motion of
the pole indicates the territory from which
the moisture exchange occurs.

[Text] The vector of the instantaneous angular velocity of the earth's ro-
tation can be expanded into three components: one along the mean axis of
rotation and two others in the equatorial plane. The first component sets
the duration of ‘day and its changes set the nonuniformity of the earth's
rotation. The other two determine the coordinates of the instantaneous
pole. The purpose of this communication is to direct attention to the
fact that the year-to-year changes in the earth's rate of rotation and
motions of the poles evidently reflect the redistribution of moisture be-
tween the world ocean and the glacial covers of Antarctica and Greenland
and can be used as indices of change in level of the world ocean and the
state of these glacial covers.
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Fig. 1. Changes in rate of earth's rotation during last 300 years.

Year-to-year irregular changes in the rate of the earth's rotation were
postulated at the end of the last century as a result of processing data
from observations of the moon and other bodies of the solar system. In
the 20th century their existence was finally demonstrated in [2]. Since

. 1955 they have been registered by a fundamentally new method which en-
sures a very high accuracy (up to +£3-10-11) [4].

Figure 1 illustrates the changes in the earth's rate of rotation during
the last 100 years. Plotted along the y-axis are the relative deviations
of angular velocity V3 in uniis cf the ninth decimal place and the cor-
responding deviations of length of day §P. It is easy to see the complex
irregular changes in the rate of the earth's rotation with characteristic
times of about several tens of years. The earth rotated most rapidly in
about 1870 and most slowly in about 1903. Between 1903 and 1935 there

was an acceleration of the earth's rotation. Between 1935 and the present
time there has been a slowing of rotation, sometimes replaced by periods
of small acceleration. The latter occurred during 1948-1953, 1958-1960
and 1973-1975,

We note that the slowing of the rate of the earth's rotation noted during
the last 100°'years is not associated with tidal friction because the rate
of tidal slowing is considerably less than that observed. This is also
indicated by the fact that in the two centuries preceding 1870 the rate
of the earth's rotation was not slowed, but was accelerated. The rate of
tidal slowing has virtually no dependence on time.

Fluctuations of the level of the world ocean and the melting of polar ice
were some of the first phenomena by which scientists attempted to explain
the irregular changes in the earth's rate of rotation [2].

However, quantitative estimates already made during the last century by
the noted British physicist Kelvin [10] indicated that in order to explain
the irregular changes in the earth's rate of rotation there would have to
be improbably great increments in the level of the world ocean. Therefore,
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since that time the opinion has gained great acceptance that a redistrib-
ution of moisture cannot cause the observed fluctuations in the rate of
the earth's rotation.

[t was demonstrated in our last study on investigation of the role of the
atmosphere in the excitation of year-to-year changes in the earth's rate
of rotation that the year-to-year changes in the rate of the earth's ro-
tation that have already been described above are caused by the flux of
small portions cf sometimes positive and sometimes negati.e moments of
momentum passing from the atmosphere to the earth through the surface
layer [5]. The most probable supplier of these portions of moment of mo-
mentum in the atmosphere is water vapor, that is, it is found that the
year-to-year changes in the rate of the earth's rotation in the last an-
alysis are caused by a redistribution of moisture between the world ocean
and the glacial covers primarily of Antarctica and Greenland (the role of
the remaining glaciers is relatively small due to their small area).

With a redistriburion of moisture there is a change in the components of
the earth's tensor of inertia, which results in an observable irregularity
of the earth's rotation. The dimensionless components < of angular velo-
city in this case are described in the following way:

Y

1 dv, — Rl : 1 dS, (1)
- tu= mSSSCsm 29.(‘.05 ds.
1 dv _ (] . (2)
__‘;.h_lﬁ.v,_..mjsjum2esm'fd>.
== (1= R [ [ Lstr 0 dS. 3
§

Here 0'0 is the angular frequency of motion of the pole with the Chandler
period (1.18 year); t is time; C and B are the earth's polar and equator-
ial moments of inertia; Rg is the earth's radius; S is the earth's entire
area; dS = Ra sin ©d 6 d A; O is the complement of latitude to 90°; Ais
longitude; k = 0.3 is a coefficient taking into account the earth's de-
formation from a load; £ = Z(6, A, t) is the increment of the specific
(that is, relating to a unit area) quantity of moisture (water or ice).

Expressions (1)-(3) make it possible to compute the coordinates of the
pole ¥) and V2 and the deviation of the earth's rate of rotation V3
from the field of increments of the specific quantity of moisture & (&,
A) at a fixed moment in time t. Unfortunately, global observations of
change in the field J (8, \) are lacking. Therefore, there is no pos-
sibility of directly computing the effect of redistribution of molsture
on the earth's rotation and we will limit ourselves to consideration of a
simplified model of redistribution of moisture between the world ocean
and the glacial covers of Antarctica and Greenland. The influence of other
mountain glaciers and ground water will be neglected.
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Since we are interested in changes in the earth's rotation and the field
4 (8, \) with characteristic times of approximately decades, the terms
containing derivatives in equations (1) and (2) can be neglected.

Assume that as a result of melting of the glacier covers the specific quan-
tities of ice decrease on the average over the enti. Antarctic continent
by & A and over the whole of Greenland by &r. Then the moisture being set
free passes into the world ocean snd its level will be increased by the
value 4 §, which coincides approximately with the increment of the spe-
cific quantity of moisture & o (because $o = /oog('), where the density
- Po*1 g/ emd), .

[ Sala+ Spip

0 \-30\ —e %)

[ = Greenland] Here S0, SaA and Sy~ are the areas of the world ocean and
the glacial covers of Antarctica and Greenland. We note that Sp is ap-
proximately seven times greater than Sl" .

With such a model of the global redistribution of moisture the integrals
on the right-hand sides of equations (1)-(3) are represented in the form
of linear polynomials

. w=AL +TL, (5)

where Qﬁ, Q{ and Q?_ are constants and §A, 5,— and 4 g are time variables;
- the subscript i asSumes the values 1, 2 and 3. Taking into account expres-
_ sion (4), equations (5) can be simplified, determining the components vy
elther through the s:ate of the glacial covers
vw=0,,. (6)
or through the level of the world ocean (in the case gA = {r)

w=QM, + QFL+Q0C,, N

The values of the constants Q?_‘, 8i, Q(i)’ A4, ri and 04 were computed and
given in the table in units 10~10,

i l Qr Qr QP o ’ A T, (A+T),
, -

I 4,426 —6,956 79,96 135,8 1,27 —7,42 —6,15

2 12,646 6,323 124,88 —2094,1 7,72 5,60 13,3

3 |—00287 | —0,0093 | —8.856 —80 032 0,04 0,36

[A = Antarctica; [ = Greenland; 0 = world ocean]
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Fig. 2. Directions of displacements of "mean" north pole of the earth's
rotation with the accumulation of moisture in Antarctica (A), Greenland
("), Antarctica and Greenland simultaneously (A +( ), on the continent
(K). The broken curve indicates the observed secular motion of the pole.

Expressions (6) and (7) show that with a fixed position of the land with
which the exchange of moisture occurs the coordinates of the pole V] and
¥y are related by a linear dependence to the increment of the specific
quantity of ice in this place or water in the world ocean. In other words,
_ each territory corresponds to its meridian, along which there should be
displacement of the mean pole of the earth's rotation with a redistribution
of moisture between the world ocean and this territory. Figure 2 illustrates
the positioning of the meridians along which the mean north pole of the
earth's rotation should be displaced. In this figure the arrows indicate
the directions of displacements of the pole with the accumulation of mois-
ture in the considered part of the landmass. It can be seen, for example,
that with the accumulation of ice in Antarctica the pole must be displaced
equatorward along the meridian 81°E and on the entire land as a whole ==
along 237°E. With the melting of the ice the pole must be displaced in the
opposite direction and the meridians are: for Antarctica —-- 261°E and for
the land as a whole -- 57°E.

According to data from astronomical observations [7], the earth's north pole
of rotation from 1903 through 1975 moved as indicated by the broken curve

- in Fig. 2, On the average the pole was displaced at a rate of about 10 cm/
year along the meridian 285°E, which is close to the trajectory which must
be observed with the simultaneous melting of ice in Antarctica and
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Greenland. Thic fact confirms the opinions of glaciologists that during
recent decades there has been a reduction of ice reserves in Greenland

and Antarctica [1, 9]. The observed rate of displacement of the pole of

10 cm/year should correspond to thawing of the glacial covers of Antarctica
and Greenland with the rate §A&4-ﬂ10 g/ (cm2-year). An analysis of the sin-
uous character of motion of the pole could tell much about the variability
of the global redistribution of moisture in the 20th century because the
system of three equations (5) in principle makes it possible to determine
the three unknown parameters of global water exchange ¢ a, { and Lo from
the three components of angular velocity V; obtained from astronomical
observations. However, the accuracy in determining the secular motion of
the pole at the present time is so low that many astronomers in general

deny its reality [8].
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Fig, 3. Changes in some characteristics of the global redistribution of
moisture. 1) theoretical curve of specific masses of ice in Antarctica g‘A
or water in the world ocean J 4; 2) observed fluctuation of level of world
ocean; 3) observed snow accumulation in Antarctica.

As follows from expression (6), the change in the state of the glacial
cover of Antarctica must be closely associated with the year-to-year var-

iations of the earth's rate of rotation because the contribution of Antarc-
tica is 8 times greater than the contribution of Greenland. Neglecting the

latter, we have
=2
AT Ay (8

[3 = earth]
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The curve of change in the specific quantity of ice in Antarctica during
the last 300 years, computed using formula (8), is shown in Fig. 3. The
scale of values ; A 1s given at the right in meters (it is assumed that
the ice density is not_equal to 0.92 g/cm3, but 1 g/cm3, so that 1 m is
equivalent to 100 g/cm3). It can be seen that the thickness cf the glacial
cover in Antarctica must be decreased from 1870 through 1903 by more than
25 m and then increased by 1935 by 15 m. From 1935 to the present time

the thickness of the glacial cover must have decreased.

r

R A

-0 — e .
1680-1085  1690-1699 79001909 19101919 1925-1929

79301959 1940-7943 1553355

Fig. 4. Curve cf moving 1l0-year anomalies in rate of accumulation of snow
in Antarctica [3]. 1) data from simple averaging; 2) data from computa-
tions with use of weighting factors.

Through the efforts of the Antarctic expeditions of a number of countries
some factual material has now been collected concerning the "input" part
of the glacial cover - snow accumulation budget in Antarctica. This has
been generalized in a monograph by V. N. Petrov [3]. He processed the an-
nual snow accumulation values for nine stations. Three of them (Amundsen-
Scott, Little America and Wilkes) have series since 1880, The remaining
stations were activated in the 20th century.

The rate of snow accumulation in Antarctica was extremely different. At the
intracontinental stations the mean snow accumulation values, averaged by
- decades, expressed through water equivalent, fluctuate from 6 to 10 g/
(cm?-year), and at the coastal stations —- from 20 to 40 g/ (cmZ-year).
V. N. Petrov computed the anomalies of the rate of snow accumulation for
each of these stations using moving 10-year periods. On the basis of the
averaged data for these nine stations he obtained a graph showing varia-
tion of the moving 10-year anomalies of the rate of snow accumulation in
Antarctica from 1885 through 1953. We reprcduce this in Fig. 4. Along the
y~axis we have plotted the anomaly values (values of the relative devia-
tions of the rate of snow accumulation from the norm, for which we use
the meanh value for the entire observation period) in percent. Curve 1 was
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obtained by averaging of the rates for all stations without the introduc—
tion of weights and curve 2 -- using weighting factors proportional to
the area represented by the particular station.

The graph shows that at the end of the 19th century the rzte of snow ac-
cumulation was below the norm; from the beginning of the 20th century
through the end of the 1930's it was above the norm; in the 1940's-1950's
the snow accumulation again decreased. This variation agrees well with
the fluctuations in acceleration of the earth's rotation. In Fig. 3 for

a comparison with curve 1 it is necessary to have an integral curve of
snow accumulation in Antarctica. Accordingly, we carried out additional
computations. Curve 2 in Fig. 4 was used in determining the values of the
anomalies for each year. We subtracted 3% from each determined value (that
is, it was assumed that the ice losses exceed ice accumulation by 3%).
Then the percentages were converted into absolute values (as the value
100% we used the mean rate of snow accumulation in Antarctica, which ac-
cording to these same data is equal to 15 g/(cmZ.year)) and we calculated
the integral values of snow accumulation, assuming that at the initial
moment (1884) it was equal to zero.

The resulting curve of ice accumulation in Antarctica from 1885 through
1950 is shown in Fig. 3 (curve 3). The y-axis for it is situated at the
center of the figure in centimeters (1 em is equivalent to 1 g/cm2)., A
comparison of curve 3 with curve 1 reveals a surprising qualitative agree-
ment. Only in the late 1940's does the decrease in ice thickness occur
more rapidly than according to curve 1. But, as indicated by an analysis
of the initial materials presented in the cited monograph, this is caused
by the inclusion of Lazarev and Maudheim stations during recent decades;
in comparison with other stations these give a large decrease in the rate
of snow accumulation in the 1940's. One must remember the distortions
which could be introduced by Greenland and the waters of the land, which
were not taken into account here.

A quantitative comparison of the values represented by curves 3 and 1 re-
veals that the observed characteristics of ice accumulation in Antarctica
are several tens of times less than the theoretical values.

The changes in the specific quantity of water in the world ocean also must
be closely related to the year-to-year variations in the rate of the
earth's rotation, because from equation (7) we have

. (9)

b= o

The variation of the specific quantities of water in the world ocean, com-
puted using formula (9), is given in Fig. 3. The scale of values is given
at the left in centimeters.
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It can be seen that the specific quantity of water in the world ocean must
have increased from 1870 through 1903 by approximately 100 g/cm2 and then
have decreased by 1935 by 60 g/cmz. From 1935 through the present time

it must have increased. Only during the periods from 1950 through 1954,
from 1958 through 1961 and from 1972 through 1975 there must have been
brief decreases of the & ; value.

Unfortunately, the specific quantity of water in the world ocean is not
measured. As an indirect index of change in the water mass of the world
ocean we can use its level. A change in the quantity of water by 1 g/cm
is equivalent to an increment of the level by 1 cm. During recent years
several studies have been published which give curves of variation of the
- level of the world ocean in the 20th century [6]. We reproduce one of -them
in Fig. 3 (curve 2). We note that this curve was constructed by simple
averaging of measurements of 72 level-measuring posts situated along dif-
ferent shores of the world ocean. :

It can be seen that from 1900 through 1930 the level of the world ocean

varied in the range from -2 to -5 cm. In this time interval if the level

did decrease it was by not more than 3 cm instead of the 60 cm required

for explaining the acceleration of the earth's rotation (it is assumed

that water density and ocean capacity are constant). After 1930 the level
- of the world ocean increased. In 1958 it was +7 cm, that is, it became 8
em higher than in 1930. The nonuniformity of rotation indicates an in=~
crease in level only since 1935 and a value of about 20 cm. It is inter-
esting to note that after 1949 and 1958 observations give, as is required
by computations, a level decrease.

Thus, level variations of the world ocean during recent decades are in
qualitative agreement with the level changes required for explaining the
nonuniformity of the earth's rotation. True, the noted agreement is con-
siderably poorer than that which was noted in the examination of ice ac-
cumulation in Antarctica. This is understandable because the sea level

is unambiguously related to the specific quantity of water in a column.

To a considerable degree it is dependent on water temperature and salin-
ity. For example, with a constant value of the specific quantity of water
the increase in the mean temperature of a columm of water with a thickness
of 4 km by 1°C can increase the level due to volumetric expansion by 0.5 m,

A quantitative estimate of the effect of redistribution of moisture on the
earth’s rotation both in the case of ice accumulation and in the case of
variations in the level of the world ocean indicates that the observed
redistribution of moisture is several tens of times less than the theoret-
ical value. It is possible that this disagreement arises due to a noncor-
respondence between the actual and theoretically computed properties of
the earth. In formulating the theory it was assumed that the earth rotates
as a single unit and therefore we used its planetary moments of inertia C
and B, In the case of short-period effects (not more than 1 year) the
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earth's subcrustal matter completely satisfies this hypothesis. In the
case of a redistribution of moisture, effects of the same sign last for
decades. It is not impossible that with such prolonged effects the earth's
subcrustal matter does not behave as a solid body but flows like a vis-
cous fluid. Then the influence of moisture redistribution is not propagat-
ed to the entire earth, but only to its uppermost layer, evidently lying
on the asthenosphere, and in the theory it is necessary to use the moments
of inertia only for this upper layer of the earth. They are several tens
of times less than the C and B values used in equations (1)-(3). Accord-
ingly, all the estimates of the specific quantities of ice in Antarctica
and water in the world ocean cited above on the basis of formulas (8) and
- (9) must be decreased by this number of times. Then there will be not only
a qualitative, but probably, also a quantitative agreement between observ-
- ations and theory.

In summary, it can be concluded that in any case the year-to~year changes
in the earth's rate of rotation and secular motion of the pole can serve
as an integral characteristic of the global redistribution of moisture
between the world ocean and the continents (in particular, the glacial
covers of Antarctica and Greenland). The direction of the secular motion
of the pole indicates the place of thawing or accumulation of the ice and
the change in the earth's rate of rotation characterizes, from the quanti-
tative point of view, the variations in thickness of the glacial covers
or variations in water mass in the world ocean.
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UDC 551.(468:466)
EVALUATION OF PARAMETERS OF A COMPLETELY BROKEN WAVE FLOW
Moscow METEOROLOGIYA I GIDROLOGIYA in Russian No 1, Jan 80 pp 60-68

[Article by Candidate of Physical and Mathematical Sciences B. A. Shulyak,
Central High-Elevation Hydrometeorological Observatory, submitted for
publication 11 May 1979]

Abstract: This article gives the results of ap-

. proximate solution of the plane problem of the
parameters of an "offset" flow created by a
broken wave on the filtering slope along the
shore. The derived expressions relate the lim-
it of penetration of the "offset" flow on the
shore slope, the instantaneous and mean veloc-
ities of the fluid particles in the offset flow
and time of movement of the offset flow in for-
ward and reverse directions. Despite the approx-
imate nature .:£ the derived expressions they are
of practical interest in formulating a physico-
mathematical model of the process of working of
the accumulative sand shore of seas, lakes and

- reservoirs.

[Text] The problem of the propagation of waves on a slope and their defor-
mation is of more than thecretical interest. It is also of great practical
importance, for example, in the problem of the dynamics of shore process-
es. However, despite its timeliness, it still has not been solved due to
major purely technical difficulties associated with the nonlinearity of
the equations of motion and boundary conditions, and also the discontinuity
- of the latter for the case of deformation of waves with total breaking and
transition into a plane-~parallel flow.

Meanwhile, not one of the problems relating to the dynamics of the process-
es in the shore zone of the sea can be solved without taking into account
the parameters of a broken wave flow. Therefore, it is desirable to seek

an approximate solution, using, for example, the conservation equations

and drawing on necessary additional information from general considera-
tions and observational data.
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Fig. 1. Schematic diagram of process of wave breaking and formation of
offset flow.

Such an approach naturally preclndes the possibility of a complete and
accurate description of the movement of flows, but with clever use it is
easy to obtain expressions for a number of basic characteristics of mcve-—
- ment parameters.

JH—

First we will in general form examine the plane problem of the breaking
of waves before a filtering slope and transition of wave movement of a

fluid into an unsteady plane-parallel flow ending in an offset flow on

the part of the shore slope above the water (Fig. 1).

We will assume that:

1. A wave flow with the height h, with the period ¢ , with the wavelength
A and the phase velocity C is propagated on the surface of a fluid with
the depth Hy, from left to right from the region I in the direction of
region III. The breaking of the flow occurs in the neighborhood of the
point aj, to the right of which arises a highly turbulent plane-parallel
unsteady current with the velocity uy = u,(x, z, t), with the depth Hy
(x, t), whereas in the neighborhood of po%nt ao the flow is transformed
into an offset flow (region III) having the parameters U3(x, z, t), Hj
(x, t), the equation for the free surface is §{ = & (x, t), and moving up-
- ward along the slope, completely stops. Due to the complex dependence in
which the parameters of these flows are situated, it is difficult to use
the correlation between them for an arbitrary moment in time. However,
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for some characteristic moments in time the energy relationships will ex-
tremely simply relate the principal parameters of the flows.

2. The nature of breaking of the waves is dependent on the angle of the
underwater slope and the wave parameters themselves. The running of the
offset flow onto the shore slope can be preceded by the single or multiple
collapsing of the crests. In addition, the last collapsing can be accompan-
ied by the movement of the flow in the form of a bore (prior to running onto
the shore slope, see Fig. la) or directly undergo transition into an offset
flow (Fig. 1b). Without here discussing the reasons for the differences in
movement, we will discriminate these two characteristic cases for separate
examination.

3. The energy losses in turbulent pulsations during the breaking of the
wave flow and filtration losses will be taken into account only integral-
ly -~ through the dissipation coefficients % * and % f respectively or
coeff}cients inverse of them ~- unscattered energy ¥ = 1 - x* and *1 =

1 -¥1-

4. The parameters of the flows in all three regions are functions of time.
However, since the degree of these dependences is different, we will as-
sume that in region II it can be neglected (in comparison with region III),
that 1s, we will assume ug = G}(x, z, t), Hy(x, t) = Hp=H;. But for re-
glon III we will consider both the averaged values and those dependent on
time U(x, t), Ha(x, t), etc.

5. In the breaking of waves we will assume that only a part of the wave en-
ergy, specifically, that beneath the crest, that is, 1/2 Ej, makes a con-
tribution to the directed movement of a plane-parallel flow.

In a general case, from the condition of conservation of energy and momen-
tum, for a breaking wave and a plane-parallel flow (Fig. la) we have
< 2o I 0
—"-5’ { 5v(x, z, t) dxdzdt:ps' jugdxdz- (1)
AR ) 6 -H,

—-l'/1 v

The left integral in (1) gives the momentum, averaged by period (or length),
_ in a volume 1- 2.-H1, region I, whereas the right integral gives the momen-
_ tum value in a broken flow with the extent ) and the volume l-&.~Hzﬂfl- 1.
Hy.

From the condition of energy conservation with transition into region II
(Fig. la) or directly into region III, when }~0 (see Fig. 1b), we have,
in the first case

1

I o dxdrdim i Lo )
j"zrdx zdt_~—2—bg' j'uzdxdz,
b ~H,

7

i

T

% ;
62
0—H,
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and accordingly, in the second

1 2 SR ) . " x4 (t) 2,(8)
—Q—KEIEﬂJ_JJ’U dxdzdt:—2~ é‘ j‘ Uldxdz +
1 2 (2')
X4 (¢) 23 (1)
+og i [ zdxaz,

5

where the left Integral gives the averaged wave energy E; = Pgh2 A /8,
whereas the integrals at the right give the kinetic energy EKiD and

the potential energy EPOL of the offset flow at arbitrary momernts in
time. off

In the latter equation Uy, as well as the integration limits xg and z;
are functions of time. Accordingly, it is exceedingly complex to use (2)
for determining the sought-for values. However, at some characteristic
moments in time, such as at t = tg, which corresponds to the onset of
running of the offset flow onto the shore slope, or t = tj, which corres-
ponds to total stoppage of the offset flow on the slope, EP‘f’E and Ek%tfl
independently become equal to zero. As a result, we have: ° °e

1 . B A Xd23
a) when t = t; TxE,E—;-ﬂg-s—ngS S zdxdz;
i 2"
b) when t = t
- 0 1 x BA _ p ;A%
- S rE=grg 5= 3[dedz .
" 7 @2'm"n

Here IJ-3 = U3(xot)2= U3(xp) 1is the mean velocity with which the fluid volume
82 passes through the section x = x9 = 0, tu t< 8y, 8 = [ dxdz and x4
is the coordinate of the limiting point which the offset flow reaches.

The equation for the shoreline slope onto which the offset flow moves can

be stipulated independently of the flow characteristics, and generally,
independently of time:

21=fi(x, t)=fy(x). 3)

[This is unquestionably correct for the given problem, but not for the
problem of shore dynamics.]
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But for the equetion for the free surface such an approximation is impos-
- sible: It 1s 2 function of the parameters of waves (energy), slope profile
and time:

;'528=f2(El! % X, 2, t, .. -)- . (4)

In this case if the functions f, and f, have been established, it is pos-
sible to determine one of the principal sought-for characteristics -- the
coordinates of the point M (x4, zg):

x4=f3(h, f2), ®)
Z¢"ll(f1v fﬂ)' (6)

The joint use of conditions (2)-(6) makes it possible to obtain expres-—
sions also for other flow parameters. Therefore, the main factor com-
plicating the problem is the successful choice of approximations for f1
and fj.

As an illustration of such an approach for solution of the considered prob-~
lem we will consider the special case of destruction of waves in front of
the shore slope when the wave flow after destruction is immediately trans-
formed to an offset flow (region III, Fig. 1b).

*

In this case it is impossible to use equation (1); we are laft with system

(2)-(4).

We introduce a Cartesian coordinate system in accordance with Fig. 1b and
represent the line equation (3) by the linear function

2,=f1(x)=ax, (7)
in which, for ordinary conditions, a = 0.2.

As a result of the smallness of the slope the equation for the surface of
the offset flow J 3 can also be represented in a linear approximation

La=f2(x, t)=b(t E,, Jax+Hy(t Ey,..)), (®

which for the moment in time t = t] will correspond to the limiting position
of an offset flow with the fixed values b and Hj:

L=bax+H, 8"

The boundary conditions (8') and (7) determine the cootdinates of the points
M(x, 2z) of a moving offset flow front at arbitrary moments in time, whereas
when t = t7 -- the upper limit of penetration of the offset flow upslope:
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- H, (1)
x(t)——,“—__’_;—(T. 9)
—__H 10
z(0)= I—ae) (10)

and ”

— o— i T
"4—-*‘7“1)-———0 a—s 9"
Z,=z () = F_,’ . (10")

In these expressions the values b(t;, Ej,...) and H3(t1, Ey,...) remain
undetermined. Both these values could be determined if in addition to

the energy equation it was possible to write an equation for the volume
of fluid flowing frcm region I (Fig. 1b) into region III. Since in this
article we will not consider this problem, we will limit ourselves only
to a determination of the b value from the energy conmservation condition.

For the moment t; the kinetic energy in the remaining part of the offset
flow is equal to zero; therefore, from (2") we have

%——ngn:pgoy szxdzz (ll)
2
b2 x3 ‘ 2 x3
=-’§€-( a3 £+ abx2 Hy + x, H} — aa"),
or, with (9') taken into account,
1 pgm 1 245
T s —w e T 12
As a convenience, introducing the notation
_ 3axE _ 1 .
p= —_PgH§ =, H (13)
we rewrite (12) in the form
B b2+ (1—2u) b+ p—2=0, (14)

in which for b, in accordance with the limitations imposed on the free
surface equation by the line (7), the following condition must be satis~
fied : .

0<b<l. o (15)

From the quadratic equation (14), with (15) taken into account, we obtsin
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i
_(+4p? '
l—b="—g EETE (16)

Now we will evaluate the order of magnitude of P . For the case of not
very small parameters of waves approaching the shore itself before final
breaking, that is, with hz 30 cm, A>1000 cm, H3~10 cm, the p evaluation
glves:

p.>2. (17)

Therefore, in (16) it is possible to drop the second term, as well as the
"1" in the numerator of the first term. Therefore

~1]2

hence for x4 (tl), 24 (tl) and £3(x, t1) we obtain

h (3 % o\H2
xdE.xd (t,):::-—z—(—z- I—GHJ)" (19)
k(3 112 * 20
szzd(t‘)zT(Tx_ﬂﬁt_)l, (20)
ch(l _Hg/z P'l—]]z) ax+H3, . (21)

From the derived expressions for the coordinates of the extreme point of
the offset flow M(xy, zq) and the equation of its free surface at the

time t = t; it is easy to obtain expressions also for the arbitrary time t
if use is made of an expression for instantaneous velocity (see below).

A somewhat more complex problem is that of determination of velocities in
the offset flow; these are not only a function of time, but also the two
coordinates x and z.

An offset flow is unsteady movement on a slant plane. Therefore, the dif-
ferent layers must move at different velocities. However, if the thickness
of the offset flow is small and as a result of strong turbulent mixing it
is possible to neglect the dependence on z, then for determining the in-
stantaneous velocity of an arbitrary i-th particle Ul it is necessary to

- take into account only the limiting point Mi(tl) witg the coordinate xé(ti),
which'it attains at the time t = ty.

Among all the particles in the offset flow the ones of greatest interest
in our problem are those moving at the le.ding edge of the offset flow.
They move with the velocity U% = U& and attain the coordinates Xxd.

For each of the offset flow particles it is of interest to consider both
their mean velocity on the slope Ui and as a general_characteristic --
the mean velocity of all the partiiles on the slope U3.
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First we will write an expression for the mean velocity 53 = U3 (0) with
which the particles pass through the point x = 0. From condition (2") we
have the equation

my  p D3
2= f‘fdsa:’_l.’_g Q. (22)
o

4 2

Since in the considered approximation for f] and fq

- X4 2 :
Q= 5 5d9=~;— x4 Hy (8), (23)
¢z -

then . *
U, (0)::(—1;— ag® R\ H;! )

7
: (24)

We will also cite the velocity, averaged for all particles on the slope

= U 3% e g M

U,zT(T ag’h-/.Hal) : (25)
In order to determine instantaneous velocity it is sufficient to know
only its Lagrangian coordinate x = x(t) at an arbitrary moment in time

- and the limiting point Mi(x%, zé) to which it rises along the slope.
From simple kinematic expressions for an arbitrary moment in time t,

satisfying the condition o
th<t<t, (26)

we have :
Ui (x, 8) =(2 ag)'/? [(x[)'/* — x}i2(h)],
(27)

where (2ag x &\1/2 is the maximum velocity of the i-th particle which
it has with passage through the point x0 = 0 1n order to attain the
limiting point xi at the time t}, whereas x;(t) 1s its Lagrangian ccor-
dinate at an arbitrary moment in time.

For the leading particles, in accordance with (27) and (19), for the in-
stantaneous velocity value we have

U= agi [(5 25 )" — 2 0] (g rag ) - gt com)

Therefore, the maximum U3 = U3(xg) value is equal to:

1

Uy=(2 agx,,)l/'z-_-(-g‘_ xagh?). H;I) (29)

We will also cite the mean velocity of fluid particles moving at the edge
of the offset flow which will be necessary for evaluating the time of
movement of the flow on the slope:
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T 1 1 /73 1/4
UH:TUx(xd)z—f(Tzagzhz).H;‘) . (30)

Now we will discuss the problem of evaluating the influence of filtering
of the fluid on the flow parameters of the offset flow during its "return"
movement.

Filtering leads to an energy loss. It is easily taken into account through
the losses of potential emergy transported by the volume of fluid filtered

- on the slope. If the fraction of the remaining volume of fluid by the time
of onset of "return" movement t + S t is equal to X,, then by this time
the following part remains from the potential energy

x.x% E,. (31)

From a comparison of this value with (2") it follows that with allowance
for filtration the coefficient ¥ everywhere must be ieplaced by xjx,
Therefore, at the time tp + Stl the coiﬁinates of the offset flow are
displaced by the value § xq and & zg~% a - )Ll)l 2 and we can write
approximately as follows [see note]:

. B[ 3 wxx\\12 32
x4+ 0t|)z—2-(—2—*;7'13—) s (32)
h (3 A1/ (33)
2, (4 + 6t,)z~2-(-72—3’-‘1ﬁ:—-) :
~ There will also be a similar change for the free surface equation ’
=G (G + )= (1 = H3Px 2p-11%) ax 4 H), (34)

_*
Finally, for the averaged velocity U3 with return movement we obtain

77* 1 [Bxxagririin - (35)
05 4 LR e, |

As follows from the expression written above, 1f the filtration losses
are small (about 20%, X7 ~ 0.8), this effect can be neglected, since 7‘1
enters in the power 1/4 and is reflected only in the range 5%, which is
considerably less than the level of errors stipulated by the formulas
themselves.

Naturally, the expressions for 53, U3, Ed’ etc. will be similar.

Note: In actuality, filtration occurs over the entire surface of the slope.
However, it transpires most intensively in the uppermost part of the offset
flow.
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The results also make it possible to evaluate the time of*movement of the
offset flow in forward and backward directions -~ T and T respectively.

In the forward direction for T we have
X4 ) X4 -1 ) l —
Tzaf(l+z’§) dx - x;‘af U, dx =x,,(n +Ta’)U3_'= (36)
=(1+1 3 xMA\I4__ 73 kA
"( ty )( 2 asgm,) “'(Tan«H,) d

X4
J (1 + 23 dx

where

is the length of the shore slope under the offset flow
. Xd
x;‘6f U, dx
is the mean velocity of motion of the edge of the offset flow.

In accordance with the comment expressed on the influence of )b we im-

P mediately write an expression for the time of the return movement.
' 0'- 1/4 .

T 1ll T (37)

1/4

or since % ~ 1 with small losses in filtration, it can be assumed

that ‘
T‘ = T. (38)

Now we will also discuss the correlation between the time of movement of
the offset flow T and '£* and the wave period T. As a simplification we
will assume that T = T", as a result of which we replace the sum T + T

by 2T. Then 23wk .,4~2 3 am )1/4
_ 2T=2 (l + —“ )(T asg-n.) (2 agH, (39)
or A (6 xd(RH22\IM A
2 Tz-;:—(u, ‘_aaHla ) =<
(39")

where § , kH; are the steepness of the waves and the dimensionless depth
prior to breaking of the waves. Therefore

2T=nr. (40)
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Now we will evaluate the order of magnitude of " for some special values
of the flow parameters. For example, with h = 50 cm, H =50 cm, X = 103
cm, Hy = 10 cm and a = 0.2 we have

n~1 , (41)

Since & and kH at the shore slope itself do not change very greatly
and the dependence on them is quite weak, "M will change little with a
change in the wave parameters. Therefore, with a certain approximation
it can be assumed that

n=const,
(42)
which gives
M=v, : ) (43)
or B
T=T* z__;__ 3 . _

The resulting approximate dependences make it possible to give an approx-
imate expression also for the remaining Hy value undetermined above. Sub-
stituting (43) into the left-hand side of (39), we obtain

’ 2 (K 2.k .
Hyx S 2UWEE (45)

It is of interest to use (45) in order to exclude Hy from the expressions
derived above for the parameters of the offset flow., By substituting (45),
for example, into (19), (20), (21), (24) and (28) we obtain

xy=makh (4 ¥H)-'=a 22 8 H)-1, (46)
y=xra) (4 47)

Ll —p=t? kHY (6 6 AP 012 x -6 45 h (KH,)? =2 a-3,
! 1 ( ) i (kH,} (48)
U, aig? V3 HIP)-'=3-12=aC% CyY), ‘ (49)
(50)

~ 1 1. o2 H-1)2 Pt
Us=—- aig'*HY/ ==aC Cl.

Important comments must be made concerning thé derived approxiumate expres-
sions (46)~(50), as well as the initial approximate expression (45) it-
self. The Hy value enters in the power 1/4 in the expression for n.
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Therefore, an inaccuracy, and even a substantial inaccuracy in the Hj eval-
uation can exert no significant influence on 77 and all the remaining ex-
pressions containing H3 in the power 1/4 and even -1/2. In (45) the depen-
dence was reversed and H, already varies greatly with a change in the flow
parameters. Therefore, iga determination from (45) can lead to substantial
errors if N 1in (41) differs appreciably from unity. This must be taken
into account when using formulas (45)-(50).
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UDC 551.465.41(520) -

INFLUENCE OF TURBULENCE AND BOTTOM RELIEF ON THE DYNAMICS OF CURRENTS
IN THE BLACK SEA

Moscow METEOROLOGIYA I GIDROLOGIYA in Russian No 1, Jan 80 pp 69-76

[Article by Candidates of Physical and Mathematical Sciences Ye, V. Stanev,

Ye. Kh. Donev and T. Z. Dzhioyev, USSR Hydrometeorological Scientific Re-

search Center and Sofia University, submitted for publication 29 March

1979] -

Abstract: This article is devoted to an inves-
tigation of the influence of turbulence and
- bottom relief on the dynamics of currents in -
the Black Sea on the basis of the A. S. Sarkisyan
model by means of numerical experiments, For dif-
i ferent values of the coefficients of horizontal
- and vertical turbulent mixing the authors give
diagnostic and prognostic computations of the
level surface, current and density fields. These
computations indicated that turbulence and bot~-
tom relief exert a considerable influence on the
distribution cf the fields of sought-for physical -
characteristics in a deep baroclinic sea. The var- -
iation of the coefficient of lateral exchange ex-
erts a particularly strong influence on the re-
sults of these prognostic computations. The kin-
etic energy and the ratio of kinetic energies
for different values of the input parameters,
averaged for each horizon, were computed as an
illustration of the influence of the integral ef-
fect of lateral exchange on dynamics of the sea.

[Text] Introduction. Theoretical investigations of recent years have indi-
cated that there is a close interrelationship between the principal phys-
- ical factors forming currents in a baroclinic basin. In particular, such
factors include turbulence and bottom relief. It is known that the width
of coastal boundary layers in model computations is highly dependent on
the selected value of the coefficient of horizontal turbulent mixing. But, -
as indicated in [3], allowance for the coefficient of lateral exchange
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is also necessary in the internal parts of the sea, especially when there
are small intervals of the computation grid.

This paper 1s devoted to an investigation of the influence of turbulence
on the dynamics of currents in the Black Sea on the basis of the A. S. Sar-
kisyan theoretical model {[3] by means of numerical experiments. It follows
from diagnostic and prognostic computations carried out for different val-
ues of the input parameters that turbulence and bottom relief exert a con-
siderable influence on the distribution of the current and density fields
in a deep baroclinic sea, although in the first case the results of the
computations to a certain degree were predetermined in advance because

the density field, having a decisive importance for the formation of cur-
rents, is considered stipulated from observations.

Formulation of Problem. Boundary Conditions

We will examine a deep baroclinic basin with a real bottom and an arbitrary
form of the shorelines. Atmospheric pressure P, at sea level and bottom re-
lief H(x, y) are considered stipulated from observations. The three-dimen-
sional density field L (x, y, z) is either stipulated from observations
(diagnostic problem) or is computed from the density diffusion equation
(prognostic problem).

We will use the following system of equations for hydrodynamics of the sea
for investigating the stationary large-scale circulation of waters and the
density field: oa
l('u‘_.'u) == ;;-1 A da,

N

—l(u,—u) =+E% 1 4w, @)

. P:Pogi+gfpd=' | “
a

(5)

29 2 90 L 00 a0y B2
wrte g tv gty =pdp 2t

Here u, v, w are the components of current velocity along the coordinate
axes x, y, z (the x axis is directed to the east, the y axis is directed
to the north, z is directed vertically downward); ug, vg are the components
of velocity of the geostrophic current; P, P are the pressure and density
anomalies; L = 2w sin¢ 1s the Coriolis parameter; < is the angular vel-
ocity of the earth's rotation; ¢ is geograpt’c latitude;
p

(=L, + ﬁ

is reduced sea level; ;* is the rise of the free sea surface; /90 is the
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mean density value; g is the acceleration of free falling; A} , V are the
coefficients of horizontal and vertical turbulent mixing of the fluid; M,
X% are the coefficients of horizontal and vertical diffusion of density-

Boundary conditions. At the sea surface z = - g*(x, y) we have:

2 -
pov—d':—=-—--:x, pov%=—'€,, w=0 p=4¢° (6)

where Ty, ‘Cy are the components of wind shearing stress.
At the sea bottom z = H(x, y) the following conditions are stipulated:
H
u=v=w=0, p=o . N
At the lateral boundaries F we have:

for the liquid part of the boundary

| | .
4 (udz=v, 7l vdz=V, p=4%; (8)
8 [ '
. for the solid part of the boundary
Vi=V,=0. _ 9)

The zonal density P (y. z) is stipulated at the initial moment in time.

From equations (1)-(4), using the boundary conditions, after simple trans-—
formations, we obtain the vorticity equation o — ¢ __ du,
ox 9y
2092 ! —

8S,=1v1 A (. 1)) ](;)ﬂ+f'°—rote F

8S, 35, (10
+A,[ A(-"7 -.Ty-)—AHQ”—ng(‘-Q)”],
|

where ﬂ = dl /dy 1is the change in the Coriolis parameter with latitude;
Sxs Sy are the components of total flow;

- dx 9=
i Yy X
rotr = dx dy

is the vertical component of vorticity of wind shearing stress;

o - e —
) V=9t 57/ is the Hamiltonian,

All the terms in equation (10) with the coefficient Ay, except those under-
lined, were obtained as a result of allowance for the variability of bottom
relief and horizontal turbulent mixing and are related to bottom topography.
Similar terms were cbtained by V. F. Kozlov [2].
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Equation (10) serves as the initial expression for obtaining the integral

auxiliary function -~ the level surface. Using the equation of hydrostatics _
and retaining terms with a secondary jB-—effect and the secondary bottom '
relief, for the adynamic correction

1 4 '
0= ¢ 4 —
1= 04 w§9dz
we obtain:
o , ot oz . (11) -
T‘A\EI+A T;-}-Bja_y'_:f_",_;_:
where _

—_ 92 a° o
A=F o get Frgey + Py -

F=1+2 420, Fy=1441 (P 49 ).

Ey =24 (19 (),
A—M._[1+ﬂ( H)? |_Aifypyy 99
=7 v (¢ )—7,—'7( + W)]'[H'
14 9\
+7,—T‘(AH+2W)~C,

B=[1+&wHr—f A (ar 42 )] CHyr2(an—23)p,

2a v v
H H p
=t 2%42+$A(HA:. ¥ lH.C.l—7'0-6§zAp).

1

-1 ¥ at a iy
B VL 2P, 1 4 =c DS, o=/ ay
.p__0H _ 8H __ OR oH aH oH
C=%r D=35 E=G+ 5 F=—5

If it is assumed that A) = O, then from equation (11) we derive an equa-
tion for the adynamic correction for the A. S. Sarkisyan D] model [3].

Numerical Model

For a numerical solution of the equation for the adynamic correction §1

we use a directed differences model, frequently employed in the practice

of diagnostic computations, this scheme having the first order of accuracy.
As indicated by numerous computations [3], even with horizontal grid inter-
vals greater than 40-50 km the results obtained using the directed differ~
ences scheme virtually do not differ from the results of computations using
schemes with a second order of accuracy.

91

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070017-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070017-4

[+ ]

FOR OFFICIAL USE ONLY

Fig. 1. Diagnostic (a) and prognostic éb) level surface fields for the
Black Sea in centimeters (Ay =p =10 cn?/sec).

The equation for density diffusion (5) is approximated by two methods:
the A, M. I1'in scheme [1] modified for three-dimensional problems and
the Fiadeiro-Veronis weighted mean scheme [5]. Both schemes come close
to the central differences scheme (approximation error 0(k%+1)), when
the arguments of the hyperbolic cotangents participating in the schemes
are far less than unity, that is, in cases of rigorous diffusion. With
values of the arguments greater than unity the schemes are transformed
into a directed differences scheme. In general, the A. M. I1'in scheme
and the weighted mean scheme have the first order of accuracy, since the
time derivative is replaced by one-sided finite difference ratios. Pref-
erence can be given to the weighted scheme, which has a greater computa-
tion stability with different values of the input parameters, that is,
the range of variation of the values of the coefficients of turbulent
exchange for this scheme is broader.
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After the corresponding transformations the difference analogue of the den-
sity diffusion equation (5) can be written in the following form, convenient
for iterations:

971';1 = lofu + 5 (@ ol H R 4 “7,& eihat (12)

+ d;',. Pi’f‘}il. et e:"" P;’i_{blk“ + f?;. f'lnlt_]x )/(l + grp <),
where '

'] 1 n .
an. = Gin Ui B _ _ Ui Uye h
ljl 2—" (Cth 9 " 1 y b,"l.: = ——2 r cth _—2 m + 1 N

Y

ol "Tuh" _ Uin U b
o = - (cth T — 1), dn= g (a2 1),

ol wiyy A2y . w, o)yl 0y
e T\t T ) =gy |t + 1),

. S (13)
gip=—(a + Oy + iyt A+ el + i) dn=2an—z,

for the A. M. I1'in scheme.

The coefficients written above also have a similar form for the weighted
mean scheme with the single difference that the velocity values with whole
subscripts are replaced:by velocities with fractional subscripts relating
to the points betweea the principal points of intersection of the spatial
grid

; n
(4 ~ irpe, pin @y Wiy~ U112 s in Yfjy Vi~ O, {A

in i Yin~%un g in a0 etes)

Discussion of Results

In the computations we us?ﬂ the following values of the input parameters: P,
= 1,018 §/Cm3, p= 105-10 cmzlsec, Ay =10 -107 cm.2/sec, T (time interval)
= 2,6°1060 sec.

Specific computations were made for the Black Sea at 15 horizons: 0, 10, 25,
50, 100, 150, 200, 300, 400, 500, 600, 800, 1000, 1500 and 2000 m. The hori-
zontal grid interval is h = 0,5°. Atmospheric pressure and the density field
corresponded to the averaged long-term data for winter. The zonal density
field A (y, z) was stipulated at the boundary and as the initial field.

Now we will proceed to a discussion of the computation results. Figure la
shows the level surface, computed on the basis cf the stipulated density
field, taking into account the coefficient of horizontal turbulent mixing
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(ay = 106 cmz/sec). The cyclonic rings in the western and eastern parts
of the sea, known from observations, are clearly visible.

Fig. 2. Zonal section along parallel
43°N for level surface (curve I) and
density 6& at horizons 100 and 300 m
(curves II, II1), obtained using A. M.
I1'in scheme (dashed curve) and weight-
ed mean scheme (solid curves).

A comparison cf the determined level surface field with the results of ear-
lier computations [4], without allowance for the lateral exchange coeffic~
ient (4) = 0), definitely indicates that the discrepancy between them is ob-
served for the most part in.the coastal regions. In the central regions of
the sea the differences between the compared results were small (approx-
imately 5-7%).

The level surface field obtained from the computed density field (Fig. 1b)

has a somewhat smoothed character, We will call it the prognostic field.
It follows from an analysis of the figure that the prognostic computations

= 94
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make 1t possible to determine the principal peculiarities characteristic
_ of the level surface of the Black Sea obtained by diagnostic methods. The

smoothed prognostic field of the level surface leads to a decrease in the

values of the horizontal current velocity components (35-40 cm/sec in the
. coastal reglons versus 40-50 cm/sec in diagnostic computations).

Fig. 3. Zonal section along parallel 43°N of level surface for different

values of coefficients A) and p. 1) Ay =p= 106 cmz/sec, prediction;

_ 2) Ay 10 cm2/sec, diagnosis; 1') Al =0, p= 106 cmz/sec, prediction,
2") Ay = 0, diagnosis.

tn

2578
200 Ex

K = kin

Fig. 4. Mean (for each horizon) kinetic energy EE (1, 2) and ratio of kin-
etic energies E%/Ei'c (1', 2"). 1) Ay = ¢ = 10° cm?/sec, prediction; 2) Ay =
106 cm?/sec, diagnosis; 1') i - Ay =0,p= 106 cmz/sgc, prediction; Ei
~A) =p= 10% cm?/sec; 2') lt - Ay =0, diagnosis; EJ - A; = 10 cm?/
sec, diagnosis.

{
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As we have alrcady mentioned, the A. M. I1'in scheme and the weighted mean

scheme are close to one another, as is confirmed by computations made us-

ing both schemes. In particular, this is indicated by Fig. 2, which shows
- the zonal section of the level surface along the parallel 43°N (curve I)
and the density field (curves II and III) at the horizons 100 and 300 m
regspectively. The curves were obtained using the A. M. I1'in scheme (dashed
curve). It follows from numerical experiments that the A. M. I1"in scheme
becomes unstable with values of the coefficients of turbulent exchange
greater than 107 cn?/sec. With respect to the weighted mean scheme, it en-
sures stability even with a value of the coefficient of turbulent viscosity
B = 10° cm?/sec. Now we will discuss the results of computations obtained
using the weighted mean scheme proposed by Fiadeiro and Veronis.

Prognostic computations have indicated that with a decrease in P the cy-
clonic centers, filled with dense water masses, are broadened and deepened
With an increase in the coefficient of turbulent exchange the prognostic
fields become smoother, that is, physical viscosity dominates over the re-
maining effects., By comparing the zonal sections of the computed density
fields at different horizons it can be demonstrated that the convexity of
the isopycnic line decreases appreciably with an increase in p. It is
easy to see zones of upwelling of deep waters coinciding with the centers
1 of the principal cyclonic rings.

It should be noted that the variation of the coefficient of lateral mixing
exerts a greater influence on the results of prognostic computations. In
order to confirm what we have said, we will examine Fig. 3 (section along
the parallel 43°N), in which we have presented curves corresponding to

the level surface isolines for different values of the coefficients Aj ard
P . The deviation of the 1' curve (no allowance for the coefficient of
horizontal exchange A\ ; prognostic computations) from curve 1 (A = 106
em“/sec; prognostic computations) is much greater than the deviations of
the 2' curves (A) not taken into account; diagnostic computations) and
the 2 curves (AL = 10° cm*/sec; diagnostic computations) from one another.
In analyzing the figure we note that the dashed curve corresponding to the
case of neglecting of the turbulent-topogenic effect (in the vorticity equa-
tion only the emphasized term is taken into account), in places of the
maximum deviation of the 1 and 1' curves is held closer to the 1' curve.
This fact indicates that the nature of the deviations to a high degree

is related to the joint influence of relief and turbulence on the dynamics
of currents.

Model computations indicated that a further increase in the coefficient of
horizontal turbulent exchange Ay leads to an increase in the role of the
turbulent-topogenic factor. But, as is easy to see, the value Ay=10 cem?/
sec is the most reasonable for the Black Sea from the physical point of
view. In actuality, using the Joseph-Zendner formula we have
A= _le‘-z 10° cm?/sec,
96
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where P = 1,5 cm/sec is the mean "diffusion rate."

As an 1llustration of the influence of the integral effect of lateral ex-
change on dynamics of the sea we computed the mean (for each horizon) kin-
etic energy Ey and the ratio of the kinetic energies Eﬁ/E% (the super-
seript 1 corresponds to the case Ay = 0, the superscript j corresponds to
allowance for Aj) for different values of the coefficients Ay and M (Fig.
4). It can be seen that the kinetic energy in prognostic computations
(curve 1) attenuates more rapidly with depth than in diagnostic computa-
tions (curve 2). The ratio of energies Ei/Eﬂ increases (curves 1', 2'),
which indicates that the turbulent effects are most significant in the
lower layers of the sea. In general, an increase in the coefficient of
turbulent mixing leads to a general decrease in the energy of mean motion
for the entire sea, which is evidently related to the assumption of a
dissipative nature of turbulent exchange.

The model (mathematical) time for stabilization of the process of reckon-
ing of the prognostic problem in dependence on the variant varied in the
range 7-9 months. All the computations were made on an IBM-370 computer
at the Central Institute of Sclentific and Technical Iuformation (Sofia,
Bulgaria).

In conclusion the authors express sincere appreciation to A. S. Sarkisyan
for attention to the work and a number of valuable comments.
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UDC 528,7+551,578.46(23)
AERIAL GAMMA SURVEY OF THE SNOW COVER IN MOUNTAINS
Moscow METEOROLOGIYA I GIDROLOGIYA in Russian No 1, Jah 80 pp 77-83

[Article by Candidate of Physical and Mathematical Sciences M. V. Niki forov,

Institute of Experimental Meteorology, submitted for publication 4 September
1978]

Abstract: A study was made of the potential
possibility of broadening the range of snow
reserves measured in a gamma survey by means
of carrying out surveys over terrain with a
great nonuniformity in depth of the snow
cover and the use of a priori information on
the shape of the distribution curve for the
Snow reserves over an area. In the case of

a gamma distribution it is shown that the
mean snow reserves for a territory accessible
to measurements with an accuracy of 10-15%
can attain 2000-5000 mm of water equivalent
with values of the variation coefficient 0.7-
1.0, The practical use of the considered sur-
vey procedure is discussed.

[Text] A gamma survey of the snow cover is based on the effect of the atten-
uation of the gamma radiation of natural radioactive elements present in the
soil by snow [3~5]. The existing method for aircraft snow surveys [5, 6] is
based on a physical-mathematical model of a homogeneous emitting-absorbing
half-space covered by a uniform layer of an inactive absorber -- snow. The
dependence of the intensity of gamma radiation of soils (I) at the height

h above the snow is expressed well by the formula

1= 1§55 exp [~ a (S + A w

where w is the moisture content of the soil by weight, S is the water re-
serve in the snow cover, Igg is the I value with § = h = w = 0; Yis a

0l coefficient taking into account the difference in the absorbing properties
of the soil (rock) skeleton and water (Y = 1.11); o is the coefficient of
attenuation of gamma radiation by water, dependent on the energy of the
measured radiation. 98
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The height h in formula (1) is expressed in units of thickness of a water
- layer equivalent in absorhing capacity to the air layer between the earth's
surface and the ohservation point. In Soviet-produced apparatus the detec—
tor of gamma radiation is a scintillation counter with a monocrystal of
godium iodide with a diameter of 150 mm and a height of 100 mm. The total
_ Intensity of gamma radiation is measured in the energ{ range from 0,02 to
3.0 MeV. In this case the coefficient & is 0.0065 mm~! and is not depend-
ent on the composition of the natural radioactive elements in the soils
(rocks).

The water reserves in the snow cover are computed using the results of two
measurements, the first of which is carried out before the falling of snow
and the second at the time of a snow survey. The changes in soil moisture

content during the time between measurements are not taken into account.

A S:‘—:' ln’% +h|'—h2) (2)

where the subscripts 1 and 2 apply to the first and second measurements
respectively.

The fundamental limitation on the magnitude of the snow reserves which can
be measured with a stipulated accuracy is governed by the statistical na-
ture of radioactive decay and the registry of nuclear radiations. In actual
practice this limit is not achieved due to instrumental-methodological
errors and deviations of actual survey conditions from the initial phys-

. ical-mathematical model,

. On the lowlands measurements from an aircra®t are made from an altitude of
- 50-100 m. The depth (height) is measured by an aircraft radioaltimeter with
an accuracy of 2-3 m, which leads to errors in determining snow reserves of
2-3 mm, The total error (taking into account all the interfering factors)
does not exceed 10 mm if the measured snow reserves fall in the range 300-
400 mm,

In the mountains flights with a low altitude over the terrain are possible
only in a helicopter over relatively "even" sectors of macro- and meso-
relief: along slopes, over terraces, valleys, plateaus, flattish water

- divides, etc. For such sectors the gamma field created in the surface lay~
er of the atmosphere by natural radioactive soil (rock) elements can be
considered at the flight altitude to coincide with the field of an infin-
ite emitting-absorbing half-space. We will limit ourselves to an examina-
tion of only such surveys and the only difference in our physical-mathe-
matical model from a "lowland" survey is in allowance for the nonuniform—
ity of snow depth in the terrain.

It is obvious thai the gamma radiation of soils in the segment of the route
where the liquid water content of the snow is in the interval from S to S +
dS will be attenuated by snow by a factor of eS. If F(S) is the distrib~
ution function for snow reserves along the route the contribution of the
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radiatior of all such segments of the route to the mean intensity over it
at the height h will be

dl =1Ivexp(—a h—a S)F(S)dS &)

and the intensity averaged along the entire route will be

(-]
I=1,exp(—ah) YF(S) exp (—aS) dS; ‘
e )
)
ol gl
It can be shown that with a nonuniform depth of the snow and any form of
the distribution function F(S) the gamma radiation of soils (rocks) is at-
tenuated by the snow on the average over the area (along the route) to a
lesser degree than in the case of its uniform depth and accordingly, the
intensity of radiation over the nonuniformly deposited snow can be measur—
ed more precisely. Therefore, there is basis for assuming that under defin-
ite conditions the upper boundary of the snow reserves measurable by a

; gamma survey in the case of a nonuniform depth of the snow can be greater
than is the case on the plain.

Iy

Now in expression (4) we will proceed from the distribution function for
snow reserves F(S) to the distribution function for the modular coefficient
of snow reserves P(k) (k = S/S, where S is the mean snow reserve along

the route). Taking into account that F(S)dS = P(k)dk, we obtain

I'=1,exp (—ah) [P (k) exp (— 2Sk) dk. )
0
. The solution (5) for S gives a "working formula" for computing the mean
water reserve in the snow cover along the route through the results of
measurements of the intensity of gamma radiation. It is understandable
that the form of the working formula is dependent on the shape of the
distribution curve of the modular coefficient of snow reserves. According-
ly, in order to carry out aerial gamma surveys of the snow cover over ter—
rain with nonuniformly deposited snow it is necessary to have a priori in-
formation on the shape of the distribution curve. :

Now we will consider a specific example., We will assume that the shape of

the distribution curve for snow reserves is known in advance and coincides
with the gamma distribution [See Note], that is

P)= o -t exp (—p by, (6)

where lﬁ = l/Cs, Cy is the coefficient of variations of snow reserves;
r (ﬁ) is the gamma function.

100
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070017-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070017-4

FOR OFFICIAL USE ONLY

[Note] For the open terrain of a plain such a coincidence is a firmly es-
tahlished fact [7-10]. In the sectors of mountainous terrain which we con-~
. sidered the mechanism of formation of nonuniformities of the snow cover
is similar to that in the lowlands: this is a redistribution of the snow
by the wind in microrelief details. But the wind in the mountains is
stronger and the terrain is more dissected. Therefore the variability of
the suow is greater.]

s Substituting (6) into (5) and carrying out integration, we obtain
1=,0 exp (—ah)
o @)
(aSci+1) %

The forrula for computing the mean snow’reserve E.along the route in this
case will have the form

— cl
S=—&r [(%‘.) exnracz(h.~kz>;~z]. ®
\

where the subscripts 1 and 2 have the same value as in 2).

Since we consider the coefficients & and Cy to be precisely known, the ex-
pression for the relative mean square error in the snow surveys, accord-
ing to the theory of errors, will have the form

N I - f.i . .,~- ~ P
=5 6SC OV 8+ + 2474, (9)

where 511} 512 are the relative mean square errors in measuring I; and
Iy, Oh is the error in measuring height for a single flight, whose val-
ue is not dependent on the snow reserves, the intensity of gamma radia-
tion and under the considered conditions is the same as in the plains,
2-3 mm water equivalent.

- Under real conditions of aerial snow surveys the dispersion of the measure-
ment for the intensity of gamma radiation for the most part consists of
three terms, each of which in its own way is dependent on the measured
intensity, and accordingly, on the snow reserves:

P=3a, 4 (10)

where 50 = const is a value not dependent on the level of the gamma radi-
ation. The (SO value arises due to fluctuations of instrument respbnse,
flight velocity, deviations from the route and is 2-3Y% [6]; Sgt is the
error caused by the statistical nature of the radioactive decay and the
interaction of gamma quanta with matter. The by st value is dependent on
the measured intensity I, the noise level Ihack and the measurement time

1 T+l Iy (11)
ac'r: TV'T‘ + -’; ] .
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